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_” Studies of the Mechanism of Action of the Condensing Enzyme“ 


Josy Bové,t R. O. Martin,{ Luoyp L. INGRaAHAM,{ anp P. K. Srumprt 


From the Department of Agricultural Biochemistry, University of California, Berkeley, California 


(Received for publication, August 18, 1958) 


In an aqueous medium the condensing enzyme catalyzes the 
condensation of acetyl coenzyme A and oxaloacetate to citrate 
and coenzyme A. In this reaction a carbon-to-carbon bond is 
formed between the methyl carbon of acetyl coenzyme A and 
the carbonyl carbon of oxaloacetate. The formation of this 
carbon-to-carbon bond can be considered as an aldol condensa- 
tion. In a nonenzymic base-catalyzed aldol condensation 1 
molecule of a carbonyl compound loses a proton @ to the carbony! 
group in a rate-determining step. The anion thus formed rapidly 
attacks the positive carbonyl carbon of another molecule of the 
carbonyl compound. 

There is at least one enzymic reaction in which a similar mech- 
anism has been shown to be operating; it is the aldolase-catalyzed 
condensation of dihydroxyacetone-P with, for instance, glyceral- 
dehyde 3-phosphate to give fructose diphosphate. In that re- 
action the enzyme first displaces stereoselectively 1 of the 2 hy- 
drogen atoms of the C-3 of dihydroxyacetone-P, and then in 
turn is displaced by the aldehyde (1). 

Before the condensation an activation of the hydrogen atom 
to be displaced occurs, as is shown by the fact that dihydroxy- 
acetone-P incubated with aldolase exchanges a proton with the 
medium (1). 

A similar situation may occur with acetyl-CoA because of the 
pronounced carbonyl! character of thiol esters. One of the im- 
portant resonance forms, IT, of esters is less likely in thiol esters, 
since sulfur does not take part in electron pair donor type reso- 
nance with the same facility that oxygen does (2, 3). 


O- 
R—C R—C 
O—R O+—R 
I II 


Additional evidence for this viewpoint is given by the experi- 
ments of Baker and Shulgin,! who have shown by the infrared 
method of Cook (4) that the carbonyl oxygen carries less of a 
negative charge in thiol esters than in normal esters. The loss 
of this resonance energy undoubtedly contributes to the higher 
free energy of hydrolysis of thiol esters as compared with normal 
esters (5). 

The carbonyl bond of a thiol ester has more double bond 


* Aided in part by a grant from the National Science Founda- 
tion. 

+ Permanent address, Institut Francais de Recherches Frui- 
ti¢res, Outre-Mer, 6, rue du Général-Clergerie, Paris 16, France. 

t New address, Department of Agricultural Biochemistry, Uni- 
versity of California, Davis, California. 

1A. W. Baker and A. T. Shulgin, private communication. 


character than that of oxygen esters and therefore allows for a 
greater resonance stabilization of the enolate anion resulting from 
the removal of an a-hydrogen ion. For example, the a-hydrogen 
of a B-keto thiol ester is more labile than those on an oxygen 
ester (6). For these reasons CoA in acetyl-CoA may aid in 
labilizing the a-hydrogen atoms of the acety] group (7). 

If enolization or ionization occurs with acetyl-CoA in the 
presence of tritium (as TOH) and a suitable enzyme such as the 
condensing enzyme, an incorporation of tritium into the methyl 
group of the acetyl moiety should take place. Surprisingly, the 
results of the work reported here show that no such incorporation 
was observed when acetyl-CoA, TOH, and the condensing en- 
zyme were incubated together. Evidence is, however, presented 
for the participation of protons from the medium in the reac- 
tion: 


H,O + acetyl-CoA + oxaloacetate = citrate + CoA 


It would appear, therefore, that oxaloacetate is required to 
labilize a hydrogen atom of the acetyl group of acetyl-CoA. 
The role of the enzyme may be primarily to hold the reactants in 
the proper position for reaction. 


EXPERIMENTAL 


Enzymes and Substrates—Crystalline condensing enzyme was 
isolated from pig hearts by the method of Ochoa (9,10). It was 
assayed by measuring the rate of reduction of DPN*+ at 340 mu 
in the presence of malic dehydrogenase, malate, and acetyl-CoA. 
Malic dehydrogenase was extracted from pig hearts according to 
the procedure of Straub (11, 12). Alcohol dehydrogenase was 
prepared from dried brewer’s yeast (Anheuser-Busch) by the 
method of Racker (13, 14). 

DPNH, used in connection with malic dehydrogenase, was ob- 
tained as the Tris salt by enzymic reduction of DPN*+ by alcohol 
dehydrogenase (15). The final product contained 55 per cent 
DPNH by weight. Acetyl-CoA was prepared from acetic an- 
hydride and CoA according to Simon and Shemin (16). After 
formation of the thiol ester, the reaction mixture was taken to 
dryness by lyophilization, and the residue was redissolved in an 
appropriate amount of water. ; 

Acetyl-CoA labeled with tritium in the acetyl group was 
synthesized from CoA and acetic anhydride tritiated in the 
methyl groups. The labeled acetic anhydride was prepared by 
a procedure based on that of van Heyningen et al. (17). A mix- 


2? During the course of this investigation, the authors were in- 
formed that Marcus and Vennesland had also conducted similar 
experiments with condensing enzyme, deuterium oxide, and ace- 
tvl-CoA. Their results were identical to those reported above. 
The paper of Marcus and Vennesland has now appeared (8). 
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ture of 0.1 ml. of 100 per cent H»SO,, 0.025 ml. of acetic an- 
hydride, and 0.01 ml. of T,O solution containing 100 mc. per gm. 
is heated at 100° in a sealed glass tube for 4 days, during which 
the hydrogen of the methyl groups exchange with tritium from 
the medium. Cold, carrier acetic anhydride, 0.075 ml., is added 
to the reaction mixture, and tritiated glacial acetic acid is sepa- 
rated by microdistillation. The glacial acetic acid is taken up 
in 2 ml. of anhydrous benzene and converted to acetic anhydride 
by reacting with a large excess of di-p-tolyl carbodiimide. The 
reaction mixture is shaken mechanically for 1 hour and then al- 
lowed to stand for 2 hours before centrifuging. The residue after 
centrifugation is washed with 2 ml. of anhydrous benzene and 
recentrifuged. The supernatants are combined and kept well 
stoppered at —10°. This benzene solution is referred to as the 
“anhydride solution.”’ By this procedure 300 umoles of tritiated 
acetic anhydride are obtained. 

In order to prepare labeled acetyl-CoA, 1 ml. of the “anhydride 
solution” is shaken vigorously with 40 mg. of CoA dissolved in 2 
ml. of ice cold water and 0.3 ml. of 1m KHCO;3. The mixture is 
centrifuged, and the aqueous layer, containing the acetyl-CoA, 
is separated with the aid of a Pasteur pipette. It is lyophilized 
to dryness, and the residue is redissolved in 1.5 ml. of water and 
acidified to pH 4 with 1 N acetic acid. The thiol ester is dissolved 
in diluted acetic acid and lyophilized 4 or 5 times until the specific 
activity of acetyl-CoA remains constant. After the last lyo- 
philization, the residue is taken up in 1.5 ml. of water. Under 
these conditions 31.8 umoles of acetyl-CoA labeled with tritium 
in the acetyl group were synthesized. The specific activity of 
this acetyl-CoA, determined as described below, was 67,500 c.p.m. 
per umole. 

Formation and Isolation of Acetohydroxamic Acid from Acetyl- 
CoA—The acetyl group was isolated as the acetohydroxamic acid 
derivative. The acetohydroxamic acid was formed by adding 
to the reaction mixture 0.5 ml. of almost salt-free 1 m hydroxyl- 
amine at the end of the incubation. 

When acetyl-CoA was formed enzymically from citrate, the 
reaction mixture had to contain a large excess of citrate (1000 
umoles) in order to make the reaction go backwards. In this 
case, the acetohydroxamic acid was isolated in the following way. 
To the reaction mixture 1.5 ml. of 2 m barium acetate are added 
and mixed thoroughly. The abundant precipitate is centrifuged 
for 10 minutes at about 10,000 x g. The residue is resuspended 
in 2 ml. of water and recentrifuged; this is repeated once. All 
the supernatants are combined, and the resulting solution is 
passed through a column of Dowex 50-X12, H*, 6 em. long and 
8 mm. in diameter. The column is washed with water until a 
total volume of 25 ml. of effluent is collected. This solution is 
lyophilized to dryness. The residue is dissolved in 1.5 ml. of 
water and allowed to pass through a column of Dowex 1, OH-, 
4 cm. long and 8 mm. in diameter. The column is washed with 
water, and 5 ml. of effluent are collected and lyophilized to dry- 
ness. The residue, dissolved in 0.5 ml. of water, is chroma- 
tographed (ascending) on Whatman No. 1 paper as a 10 cm. wide 
band, in the following solvent: propanol, 280 ml.; formic acid, 
120 ml.; methylbenzoate, 120 ml.; and water, 100 ml. The or- 
ganic layer is used after 3 days, when complete separation of 
phases has occurred (18). In this solvent the Rp values of 
acetohydroxamic acid, malic acid, and citric acid are, respec- 
tively, 0.42, 0.40, and 0.32. The location of the acetohydroxamic 
acid is revealed by spraying the right and left side of the paper 
strip containing the hydroxamic acid with 0.5 per cent FeCl;- 


Mechanism of Action of Condensing Enzyme 


Vol. 234, No. 5 


6H.O solution in ethanol. The unsprayed hydroxamic acid is 
eluted with water and taken to dryness by lyophilization. 

When acetyl-CoA was incubated with condensing enzyme, in 
the absence of “added” citrate, the acetohydroxamic acid was 
isolated as described above, but the barium precipitation was 
omitted. 

The chemically tritiated acetyl-CoA was also converted to 
acetohydroxamie acid and purified as such by the paper chroma- 
tography technique before specific activity determinations were 
made. After elution from the paper chromatogram, the aceto- 
hydroxamic acid solution was lyophilized to dryness and the 
residue taken up in 0.2 ml. of water. Some aliquots of this 
solution were used for hydroxamic acid determination; others 
were used for radioactivity determination. 

Isolation and Determination of Citric Acid—Citrate formed 
enzymically from the tritium-labeled acetyl-CoA and oxalo- 
acetate was isolated from the tris(hydroxymethyl)aminometh- 
ane-buffered reaction mixture and examined for specific activity. 
After removal of the cations with Dowex 50-H+ the reaction 
mixture was lyophilized to dryness; the citric acid was isolated 
from the residue by repeated chromatography on Whatman No. 
1 paper in the solvent described for the acetohydroxamic acid. 
The final citric acid band was eluted, the solution lyophilized, 
and the residue taken up in 1.0 ml. of water. Two 0.1-ml. 
aliquots were used for citric acid determination by the method 
of Natelson et al. as modified by Elliott (19, 20). The remaining 
0.8 ml. was lyophilized, and the residue was taken up in 0.2 ml1.; 
0.02-ml. aliquots of this solution were used for radioactivity de- 
termination. 

Radioactivity Determination—The counting instrument used in 
this work was a TriCarb liquid scintillation spectrometer (Pack- 
ard Instrument Company, LaGrange, Illinois). The samples 
were counted at H.V.9 through a 10 to 90 volt window, in glass 
vials with polyethylene caps. We are greatly indebted to Drs. 
Harold Werben and I. Chaikoff of the Department of Physi- 
ology, University of California, Berkeley, for making available 
this counting equipment. 

The counting mixture was obtained in the following way. 
When the compound to be counted was in solution, as was the 
case for acetohydroxamic acid from chemically labeled acety]- 
CoA or for citric acid, a 0.02-ml. aliquot of the aqueous solution 
was added to 1 ml. of absolute ethanol and 15 ml. of a toluene 
solution containing 45 mg. of 2,5-diphenyloxazole per 15 ml. of 
toluene. When the acetohydroxamic acid came from acetyl-CoA 
or acetyl-glutathione incubated with condensing enzyme, or from 
enzymically formed acetyl-CoA, the acetohydroxamic acid resi- 
due obtained at the end of the isolation procedure was dissolved 
in 0.02 ml. of water and 1 ml. of absolute ethanol; 15 ml. of 
toluene containing 45 mg. of 2,5-diphenyloxazole were then 
added, and the mixture was transferred to a counting vial. 

Determination of Acetohydroxamic Acid—The acetohydroxamic 
acid was determined colorimetrically by measuring the absorp- 
tion of its red-violet ferric complex at 540 mu in a Coleman 
spectrophotometer (21). For the hydroxamic acid from chem- 
ically labeled acetyl-CoA, an aliquot of the aqueous solution 
was diluted to 3 ml. in a Coleman No. 6-304 cuvette, and 3 ml. 
of the ferric chloride reagent were added. When the aceto- 
hydroxamic acid came from thiol ester incubated with con- 
densing enzyme, or from enzymically formed acetyl-CoA, the 
same sample was used for both radioactivity determination and 
hydroxamic acid estimation. Therefore, at the end of the radio- 
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activity determination, 10 ml. of the counting mixture were 
pipetted into a Coleman No. 6-304 cuvette containing 3 ml. of 
water and 3 ml. of the ferric chloride reagent, and the aceto- 
hydroxamic acid was extracted into the aqueous phase by 
vigorous shaking; a complete demixing of the two phases was ob- 
tained by centrifugation. The optical density was determined 
without removing the upper organic phase and was measured 15 
minutes after formation of the colored complex. 

When an estimation of a thiol ester solution had to be made, 
an aliquot of the solution was pipetted into a Coleman No. 6-304 
cuvette containing 0.5 ml. of almost salt-free hydroxylamine. 
After 15 minutes, the mixture was diluted to 3 ml.; 3 ml. of ferric 
reagent were added. The optical density at 540 my was de- 
termined after another 15 minutes. 


RESULTS 


Acetyl-CoA was incubated with condensing enzyme in the 
presence of TOH. The acetyl group of acetyl-CoA was isolated 
as the acetohydroxamic acid and examined for radioactivity. 
The results of these incubation experiments are listed in Table 
I. In Experiment 1, acetyl-CoA alone was incubated with 
TOH-enriched water in the absence of the enzyme, to determine 
the amount of nonenzymic tritium incorporation into the acety] 
group of the thiol ester. In this control experiment no incorpora- 
tion of tritium occurs; thus, the enolization or ionization of 
acetyl-CoA in aqueous solution at pH 7.0 is negligible. There- 
fore any incorporation of tritium into the acetyl group in the 
presence of the enzyme should be significant. However, no such 
incorporation occurred when acetyl-CoA was incubated with 
condensing enzyme in the presence of TOH (Experiment 2). 

These results are in agreement with those obtained by A. 
Marcus and B. Vennesland in experiments in which acetyl-CoA 
was incubated with condensing enzyme in the presence of D,O.? 
Since there was no evidence for the incorporation of protons from 
the medium into the reactants in the presence of the enzyme, the 
enzyme alone is not able to withdraw a proton from the acety] 
group. 

The possibility of a participation of substrates and protons 
from the medium was investigated in experiments in which 
acetyl-CoA was formed enzymically from citrate and CoA by 
forcing the reaction catalyzed by the condensing enzyme to pro- 
ceed backwards in the presence of TOH. In some experiments 
hydroxylamine was included in the reaction mixture to trap 
acetyl-CoA. In other experiments acetyl-CoA was allowed to 
accumulate; in this case, it was converted to acetohydroxamic 
acid at the end of the reaction. The reaction was forced to 
proceed in the reverse direction by carrying it out in the presence 
of a large amount of citrate (1000 umoles), and by trapping the 
oxaloacetate with the aid of malic dehydrogenase and DPNH. 
The decrease of DPNH absorption at 340 my was used as a 
measure of the extent of reaction. 

As summarized in Table II, when acetyl-CoA is formed en- 
zymically from citrate and CoA (Experiments 1 and 3) there is 
a significant incorporation of tritium into the acetyl group of 
acetyl-CoA, as compared with the control studies (Experiments 
2,4, 5, and 6). Experiments 3 and 5 differ only with respect to 
the source of acetyl-CoA: in Experiment 3, acetyl-CoA was 
formed enzymically, whereas in Experiment 5 chemically pre- 
pared acetyl-CoA was added to the reaction in the absence of 
the enzyme. In Experiment 5 no incorporation of tritium into 
the acetyl group occurred. The incorporation of tritium ob- 
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TABLE I 


Incubation of acetyl-CoA with condensing enzyme 
in presence of TOH 


Acetohy- | ©:P:m. over 
dronamic background uatoms of [hydrogen] 
acetohydrox- |acetohydroxamic aci 
counted amic used 
pmoles 
Experiment 1 
Complete,* minus con- 
densing enzyme..... 1.63 7 7/2940 = .002 
Experiment 2 
1.63 9 9/2940 = .003 


* The complete reaction mixture contained 1 ml. of 0.01 m 
potassium phosphate buffer, pH 7.2; 5 umoles of acetyl-CoA; 1000 
optical units of condensing enzyme in 0.1 ml.; 2 me. of TOH 
(specific activity 2940 c.p.m. per watom). Total volume of reac- 
tion mixture, 1.67 ml. At the end of the incubation time 0.5 ml. 
of almost salt-free 1 m hydroxylamine was added, and after 15 
minutes the acetohydroxamic acid was isolated as described under 
‘‘Experimental.’’ Incubation time, 150 minutes. Temperature, 
22°. Background, 105 c.p.m. 


served both in Experiment 3 and in Experiment 1 therefore in- 
volves an enzymic catalysis. 

Another type of experiment also gave evidence for the par- 
ticipation of hydrogen ions from the medium. Citrate was 
formed enzymically from oxaloacetate and acetyl-CoA tritiated 
in the acetyl group. The specific activity of the citric acid was 
determined and compared with that of the initial acetyl-CoA. 
Table III summarizes the results. The specific activity of citric 
acid was found to be somewhat higher than two-thirds that of 
acetyl-CoA. 

Because of isotope effects and lack of kinetic studies, too great 
significance should not be attached to this value of two-thirds. 
However, the fact that the specific activity of citric acid is ap- 
preciably lower than that of acetyl-CoA implies that during the 
reaction tritium and hydrogen atoms have been lost into the 
medium. 


DISCUSSION 


Acetyl-CoA does not exchange tritium in TOH-enriched water 
either in the presence or absence of the condensing enzyme under 
conditions optimal for condensing enzyme activity. However, 
when acetyl-CoA is formed enzymically from citrate and CoA in 
the presence of TOH, an incorporation of 0.15 watom of [hy- 
drogen] per umole’ of acetyl-CoA occurs in the methyl group of 
the acetyl moiety. 

It is assumed that the reaction, when forced backwards by the 
means described, is irreversible (no forward reaction) and there 
is no isotope effect, one should expect an incorporation of 1.0 
patom of [hydrogen] from the medium per umole of acetyl-CoA. 
If the reaction is reversible and equilibrium obtained, then a 
theoretical value of 3 watoms of [hydrogen] incorporated per 
umole of acetyl-CoA would be expected. 

Because of the presence in every case of the malic dehydro- 
genase trapping system for oxaloacetate, it can be assumed that 
the reaction was more or less irreversible. Then, the difference 
between the theoretical value of 1.0 watom of [hydrogen] trans- 


3 [Hydrogen] includes all isotopes of hydrogen. 
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TABLE II 


Incorporation of tritium into acetyl group of acetyl-CoA formed 
enzymically from citrate and CoA 


Micro- / 
c.p.m. moles patoms of [hydrogen] 
Reaction mixture Bcetohy- | micro 
'ground* acid amic acid 
counted | 
Experiment 1 
Complete + NH-2OH...; 875 1.73 | 505 (505/2940 = 0.17 
Experiment 2 
Complete — CoA...... 0 0 
Experiment 3 
Complete — NH;OH...| 265 0.58 | 457 |457/2940 = 0.15 
Experiment 4 
Complete — enzyme... 50 0 
Experiment 5 
Complete — enzyme, +) 
acetyl-CoA.........| 51 1.60 32 | 32/2940 = 0.01 
Experiment 6 
Complete — enzyme, + 
oxaloacetate......... 47 0 


* Background = 105 c.p.m. 

t The complete reaction mixture.contained either 1 ml. of 1m 
Na-citrate, pH 7.2 (Experiments 3 to 6), or 1.5 ml. of a mixture 
of 20 ml. of 1 m Na-citrate + 10 ml. of 1 m NH.OH brought to 
pH 7.2 with 3.5 N NaOH; 10 mg. of DPNH; 6000 optical units of 
malic dehydrogenase; 5 mg. of CoA; 2 mc. of TOH (specific ac- 
tivity 2940 c.p.m. per pwatom of total hydrogen) ; 1000 optical units 
of condensing enzyme. 

In Experiments 5 and 6 the reaction mixture, free of condensing 
enzyme, contained, respectively, 5 wmoles of acetyl-CoA and 5 
umoles of Na-oxaloacetate. 

Total volume of reaction mixture, 1.67 ml. 
hours, 30 minutes. Temperature, 22°. 

At the end of the reaction 0.5 ml. of 1m NH.OH almost salt-free 
was added to the reaction mixture of Experiments 3, 4, 5, and 6, 
whereas 0.5 ml. of water was added in the case of Experiments 1 
and 2. Fifteen minutes after this addition, 1.5 ml. of 2 m barium 
acetate were introduced, and the acetohydroxamic acid was iso- 
lated as described under ‘‘Experimental.’’ In those experiments 
where no acetyl-CoA was present the same isolation procedure 
was carried through. 


ferred and the observed value of 0.15 reflects an isotope effect. 
Such an isotope effect is not surprising if a proton is transferred 
in a rate-determining step. Furthermore, if there is sufficient 
excess of available H atoms (approximately 50-fold is a good 
figure) over the total number of replaceable hydrogens in the 
system, the ratio of 1:0.15 would represent the ratio of the rate 
constants, ku:ky = 6.7. The requirement for sufficient excess 
of available H atoms over the total replaceable hydrogens in the 
system was met (about a 100,000-fold excess). 

Deuterium isotope effects for the transfer of a proton or 
deuteron to acetaldehyde from HO and DO in the reaction 


Reaction time, 3 


CH,CHO + -* OHC—CH,~ + H,O have been found to be. 
kus,0):kw,0) = 4.3 or about half of the maximal theoretical — 
One might expect the tritium effect to be also: 


value, 8.3 (22). 
about half of the maximal isotope effect for tritium, 20,‘ or 10. 


* Calculated from Wiberg (22). 


Mechanism of Action of Condensing Enzyme 


Vol. 234, No. 5 


TaBLeE III 
Specific activity of citric acid formed from acetyl-CoA 
tritiated in acetyl group 
The reaction mixture contained in a total volume of 2.6 ml.: 
1.5 ml. of 0.1 m tris(hydroxymethyl)aminomethane-ClH buffer, 
pH 8.0; 10 umoles of acetyl-CoA tritiated in the acetyl group; 10 
umoles of Na-oxaloacetate; and 1000 optical units of condensing 
The reaction was allowed to proceed for 60 minutes at 


enzyme. 
32°. Citric acid was isolated as described under ‘‘Experimental.’’ 
l 
Compound in solution c.p.m. over background*® ml. of 
Acetohydroxamic acid 
from tritiated acetyl- 
32,942/0.02 ml. 2.44 67 , 500 


* Background = 86 c.p.m. 
tT 5,570/0.02 ml. of counting solution or 0.08 ml. of original 


solution. 


The difference between this value of 10 and the observed value 
of 6.7 may be due to the fact that the reaction was not completely 
reversible. 

The specific activity of the citric acid formed enzymically from 
tritiated acetyl-CoA was found to be somewhat higher than two- 
thirds that of the acetyl-CoA. The lower specific activity of the 
citric acid as compared with that of the initial acetyl-CoA implies 
that during the reaction tritium or hydrogen have been lost into 
the medium. This is consistent with the preceding results that 
in the reverse reaction [hydrogens] were incorporated from the 
medium into the methyl group of acetyl-CoA. The observed 
value of two-thirds may suggest that only 1 [hydrogen] per 
umole of acetyl-CoA has been transferred to the medium. If 
this is the case, due to the isotope effect, a hydrogen ion should 
be more easily extracted than a tritium ion from the methyl group 
of acetyl-CoA, and citric acid should therefore contain much 
more than two-thirds the amount of tritium present in tritiated 
acetyl-CoA. The discrepancy between this theoretical value 
much higher than two-thirds and the observed value of only two- 
thirds could be the result of a washing out effect due to an 
equilibrium between reactants and products. 

The facts that acetyl-CoA does not exchange tritium in TOH- 
enriched water either in the presence or absence of the con- 
densing enzyme, and that an apparent isotope effect occurs in 
the reverse reaction when acetyl-CoA and oxaloacetate are 
formed from citrate, suggest the following two conclusions: (a) 
that oxaloacetate is necessary for the removal of an a-hydrogen 
of the acetyl moiety of acetyl-CoA and (b) that this removal is 
the rate-determining step. The mechanism outlined below is 
compatible with these two conclusions. 
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In this mechanism it is proposed that the a-hydrogen atom 


11. 
12. 


tl 
h 
m 
of 
sp 
in 
fol 
1. 
2. 
3. 
() 


May 1959 


requires not only labilization by the carbonyl! of the thiol ester 
but also a pull by the base, either by the carboxylate group of 
the oxaloacetic acid anion or the carbonyl oxygen. 

This mechanism is also in agreement with the observation that 
the condensing enzyme is highly specific for oxaloacetic acid. 
Enzymie specificities are usually described in terms of steric or 
spatial effects exerted by both substrate and enzyme protein, 
i.e. the key and lock picture. A mechanism such as is proposed 
here would be slow in a nonenzymic reaction because the tre- 
mendously unfavorable entropy terms required for the approach 
of an uncharged methyl] group to a carbonyl and for the proper 
spatial orientation of carboxylate group, with no charges to help 
in this orientation. The proposed mechanism is quite plausible 
for an enzymic reaction, because the reactants would be held in 
position by the enzyme so that unfavorable entropy terms would 
be negligible during the rate-determining step. 

The primary catalytic effect of the condensing enzyme thus 
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may be to decrease —TAS in the rate-determining step and thus 
to decrease the free energy of activation 


AF* = AH* — TAS*. 


SUMMARY 


1. When acetyl coenzyme A alone is incubated with condensing 
enzyme, no incorporation of tritium into the acetyl group oc- 
curs. 

2. When acetyl coenzyme A is formed enzymically from citrate 
and coenzyme A, an incorporation of tritium into the acetyl group 
takes place. 

3. A loss of tritium occurs when acetyl coenzyme A, tritiated 
in the acetyl group, reacts with oxaloacetate to form citrie acid 
and coenzyme A. 

4. Oxaloacetic acid anion seems to be required for the with- 
drawal of a hydrogen ion from the acetyl group. The primary 
role of the enzyme appears to be to increase the entropy of ac- 
tivation of the reaction. 
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Studies with deuterium as a tracer have shown that wheat 
germ and pig heart malic dehydrogenase act on the keto form of 
oxaloacetic acid (1, 2). The keto form of this acid has also been 
shown to arise in the enzymatic carboxylation of phosphoryl- 
enolpyruvate by wheat germ phosphoryl-enolpyruvate carboxyl- 
ase (3) and by avian liver phosphoryl-enolpyruvate carboxylase 
kinase (2). 

In an attempt to extend further our studies on the mechanism 
of the stereospecific reaction catalyzed by aconitase (4), it was 
deemed necessary to synthesize enzymatically monodeutero- 
citrate from stereospecifically labeled monodeuteromalate pre- 
pared in turn by the action of fumarase (5,6). To determine the 
feasibility of this experimental approach a study was undertaken 
to establish whether the keto or enol form of oxaloacetic acid is 
utilized by the condensing enzyme in the formation of citrate 
from acetyl coenzyme A. The results obtained in this study 
demonstrate that the keto form is the substrate of the citrate 
condensing enzyme. 


EXPERIMENTAL 


Materials and Methods 


Enzymes and Substrates—Condensing enzyme was a 3 times 
recrystallized preparation purified from pig heart by the method 
of Ochoa et al. (7) and dialyzed against 0.05 m potassium phos- 
phate, pH 7.5. Transacetylase was prepared from dried cells of 
Clostridium kluyverti (Worthington Biochemical Corporation) 
according to the method of Stadtman et al. (8) and carried 
through the fractionation step between 50 and 458 per cent 
ethanol. The units of condensing enzyme and transacetylase 
activity are expressed in terms of their conventional assay pro- 
cedures (7, 8). Crystalline muscle lactic dehydrogenase was 
purchased from the Sigma Chemical Company and before use 
was dialyzed against 0.1 m potassium phosphate, pH 7.4. Malic 
dehydrogenase was prepared by the procedure of Straub (9) 
as outlined by Ochoa (10) and then dialyzed against 0.05 m 
potassium phosphate, pH 7.5. This enzyme preparation ex- 
hibited a single component in the analytical ultracentrifuge.! 

The activities of the dehydrogenases were determined by con- 
ventional assay procedures (10, 11) and the units are expressed 
in terms of wimoles of DPNH oxidized per minute, 


* This investigation was supported by a research grant (RG- 
4428) from the National Institutes of Health, United States Pub- 
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DPN? and CoA were products of the Sigma Chemical Com- 
pany. Dilithium acetyl phosphate was obtained from the 
Worthington Biochemical Corporation. Oxaloacetic acid was 
purchased from the California Foundation for Biochemical Re- 
search. 

Isolation of Citrate—Citrate in the reaction mixtures was de- 
termined by the procedure of Natelson et al. (12) as modified by 
Stern (13). Subsequently, the mixtures were acidified, diluent 
citrate added, and extracted contmuously for 100 hours with 
ether. The ether-extractable material was dissolved in water, 
adjusted to pH 7.5 to 7.7 with KOH, and passed through a 
Dowex 1-formate column (8 per cent cross linkage, 1 & 13 cm.). 
Citric acid was separated by elution with continually increasing 
concentrations of formic acid as described by Busch et al. (14). 
The citric acid was finally isolated as the quinidine salt (15, 16). 
After four recrystallizations from hot H.O, the quinidine salt 
softened at 126° and melted completely between 134-137° (un- 
corrected) (cf. 16). The deuterium analyses were carried out 
as described previously (17). 


PROCEDURE AND RESULTS 


The approach to the problem under investigation may be 
visualized by examination of the reactions formulated in Fig. 1. 
Reaction 1 illustrates the possibilities arising when a reaction 
starting with malate, DPN+, malic dehydrogenase, a DPN?- 
regenerating system, and the other components necessary to 
achieve citrate synthesis is carried out in D.O. If keto oxalo- 
acetate arising from malate by the action of malic dehydrogenase 
undergoes rapid condensation with acetyl-CoA, essentially un- 
labeled citrate should be obtained (Reaction la). Some deu- 
terium may be incorporated into the citrate in a stably bound 
form by way of the reversible nonenzymatic keto-enol tautom- 
erization of oxaloacetate, and the extent of labeling then will 
depend on the relative rates of this tautomerism and of the 
condensation reaction with acetyl-CoA. It was, therefore, 
necessary to maintain high rates of citrate synthesis with the use 
of an excess of condensing enzyme and a large amount of phos- 
photransacetylase to regenerate rapidly acetyl-CoA from acetyl 
phosphate in the presence of CoA. If an enol of oxaloacetate 
is a necessary intermediate in the reaction sequence described by 
Reaction 1, and the condensing enzyme catalyzes a direct transfer 
of hydrogen from the methyl group of acetyl-CoA tothe B-carbon 
of enol oxaloacetate, essentially unlabeled citrate should arise 
(Reaction 1b). Such a mechanism of direct hydrogen transfer 
appeared to be compatible with recent reports indicating that 
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incubation of acetyl-CoA in D.O in the presence of condensing 
enzyme does not result in the labeling of the methyl group of 
acetate (18). On the other hand, a reaction involving indirect 
transfer of hydrogen through the medium to the 6-carbon of 
oxaloacetate must result in the isolation of citrate containing at 
least one atom of nonexchangeable, carbon-bound deuterium per 
molecule (Reaction 1c). 

Reaction 2 shows the possibilities arising when the synthesis 
of citrate is carried out in D.O starting with keto oxaloacetate 
previously equilibrated so that two atoms of D were incorporated 
per molecule. Condensation of acetyl-CoA with keto dideutero- 
oxaloacetate must yield dideuterocitrate (Reaction 2a). If enol 
oxaloacetate is the necessary substrate in the condensation re- 
action and the enzyme catalyzes a direct transfer of hydrogen 
from the methyl group of acetyl-CoA to the 6-carbon of enol 
oxaloacetate then the citrate should contain only one atom of 
deuterium per molecule (Reaction 2b). The obligatory in- 
termediation of enol oxaloacetate in Reaction 2, however, is still 
compatible with the synthesis of dideuterocitrate provided that 
an indirect transfer of hydrogen to the 6-carbon of enol oxalo- 
acetate occurs (Reaction 2c). 

In the preceding discussion, consideration has been given only 
to deuterium atoms stably bound to carbon since deuterium at- 
tached to oxygen readily exchanges with water and is lost in the 
course of the isolation procedures. Furthermore, it is evident 
from the foregoing that one cannot distinguish experimentally 
between a direct and indirect transfer of hydrogen from the 
methy] group of acetyl-CoA to the ketone oxygen of oxaloacetate. 
Nevertheless, it is apparent, that sequential experiments based 
on Reactions 1 and 2 should reveal unequivocally which form of 
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Fic. 1. Mechanism of citrate synthesis in D.O 
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TaBLe I 
Incorporation of deuterium into citrate 

Experiment 1: 3000 umoles of Tris (tris(hydroxymethy])amino- 
methane), pH 8.1; 120 wmoles of MgSO,, 1500 umoles of KCl, 300 
umoles of neutralized L-cysteine-HCI, 900 uzmoles of Lt-malate, 900 
umoles of potassium pyruvate, 750 uwmoles of dilithium acetyl 
phosphate, 20.4 uwmoles of DPN~*, and 704 units of CoA in a total 
volume of 23.4 ml. preincubated for 10 minutes at 28°. The reac- 
tion was initiated by the addition of 6.6 ml. of a solution contain- 
ing 118.2 units of lactic dehydrogenase, 1874.3 units of malic 
dehydrogenase, 339 units of transacetylase, and 3544 units of con- 
densing enzyme. After 25 minutes, 28.9 ml. of the reaction mix- 
ture, containing 539 uwmoles of citrate, were acidified by adding 
1.5 ml. of 10 N H2SO, and 500 umoles of citrate as diluent. Experi- 
ment 2: 1500 umoles of Tris pH 8.0, 60 umoles of MgSO,, 750 umoles 
of KCl, 150 uwmoles of neutralized L-cysteine-HCl, 1000 umoles of 
dilithium acetyl phosphate, 352 units of CoA, and 1000 umoles of 
oxaloacetate in a total volume of 14.25 and preincubated for 30 
minutes at 28°. The reaction was initiated by the addition of 
0.79 ml. of a solution containing 170 units of transacetylase and 
726 units of condensing enzyme. After 71 minutes, 14 ml. of the 
reaction mixture containing 562 uzmoles of citrate, was acidified by 
adding 0.75 ml. of 10 Nn H-SO, and 2000 umoles of citrate as diluent. 


Atom per | 


| | | 
Substrate Medium deuterium incorporated 
formed factor quinidine per molecule 
| citrate citrate® 
Dx0 | umoles 
Experiment 1 | | 
Malate..........;| 79.3 | 550.5 | 1.93 0.134 0.14 
Experiment 2 | : | 
Oxaloacetate.... | 91.0 601.7 4.56 0.762 1.68 


* Values corrected for dilution and to a 100 per cent medium 
D.O and calculated on the basis that one atom of deuterium per 
molecule of citrate corresponds to a value of 2.27 atom per cent 
excess. 


oxaloacetate undergoes enzymatic condensation with acetyl- 
CoA. 

The results of the experiments are summarized in Table I. 
Experiment 1 shows that only 0.14 atom of deuterium is in- 
corporated into citrate when the reaction starting with malate 
DPN*, and malic dehydrogenase is conducted in a medium of 
DO. This finding excludes Reaction Ic, and is compatible with 
a condensation of acetyl-CoA with either keto oxaloacetate or 
with enol oxaloacetate provided a direct transfer of hydrogen oc- 
curred to the 8-carbon atom to form one of the methylene groups 
of citrate. The introduction of appreciable quantities of deu- 
terium into citrate must occur by way of the tautomerization of 
oxaloacetate, which, when fully equilibrated in D.O, could have 
yielded a maximum of two atoms of D per molecule of citrate 
depending on the reaction mechanism. 

In order to eliminate one of the two possible interpretations 
consistent with the results of Experiment 1, oxaloacetate was 
preincubated in D,O in order to achieve complete equilibration 
of the methylene hydrogen atoms with deuterium before the 
addition of the enzymes necessary for citrate synthesis. The 
results of such an experiment (Table I, Experiment 2) indicate 
that under these conditions 1.68 atoms of D were incorporated 
per molecule of citrate. This value, representing an appreciable — 
deviation from the theoretical value of 2 shown in Reaction 2a, 
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probably reflects an incomplete equilibration of deuterium with 
the methylene hydrogens of oxaloacetate, a possible isotope effect 
since the reaction was not run in 100 per cent DO, and finally 
the experimental error in the quantitative determination of citrate 
before the addition of diluent citrate. Since the condensation of 
enol oxaloacetate with acetyl-CoA (reaction sequence 16), com- 
patible with the results obtained under the conditions of Experi- 
ment 1, must necessarily lead to monodeuterocitrate when carried 
out under conditions of Experiment 2 (reaction sequence 2b), the 
conclusion is reached that keto oxaloacetate condenses with 
acetyl-CoA in the formation of citrate. 

The findings in the present paper are consistent with the con- 
clusions reached by Marcus and Vennesland (18) on the basis of 
calculations from data obtained by Sonderhoff and Thomas (19) 
with respiring yeast cells. These calculations indicated that the 
citrate formed in vivo from trideuteroacetate contained the 
maximal amount of isotope theoretically possible assuming that 
of the 4 nonexchangeable hydrogen atoms of citrate 1 is derived 
from succinate, 2 from acetate, and 1 from the medium. How- 
ever, the maximal amount of deuterium theoretically possible as 
calculated by Marcus and Vennesland (18) may be too high, 
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since less than one atom of D from succinate can be incorporated 
into the citrate formed in vivo from deuteroacetate. The recent 
report by Bové et al. (20) demonstrating the incorporation of 
tritium into the methyl group of acetyl-CoA when the reaction 
catalyzed by condensing enzyme is forced to proceed backward 
in the presence of unlabeled citrate and tritiated water clearly 
demonstrates the absence of a direct hydrogen transfer. In agree- 
ment with this, the same authors also demonstrated that citrate 
synthesized in normal water from tritiated acetyl-CoA has two- 
thirds of the specific activity of the labeled acetyl-CoA. Thus, 
the results of Experiment 2 in the present paper agree with the 
findings of Bové et al. (20) and in conjunction with Experiment 
1 demonstrate that keto oxaloacetate is the substrate for the 
condensing enzyme. 


SUMMARY 


Deuterium has been used as a tracer to show that the keto 
form of oxaloacetate is the substrate for the condensing enzyme 
which catalyzes the synthesis of citrate from acetyl-CoA and 
oxaloacetate. 
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The Mechanism of the Triosephosphate Isomerase Reaction* 
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The interconversion of dihydroxyacetone phosphate and glyc- 
eraldehyde 3-phosphate catalyzed by the enzyme triosephosphate 
isomerase was first demonstrated by Meyerhof and Kiessling (1). 
Since then studies with the enzyme have disclosed little about the 
mechanism of this reaction. Such an interconversion may be 
envisioned as occurring by formation of an enediol as, based on 
chemical analogy (2), has been proposed for the hexosephosphate 
isomerase reaction (3) or by a hydride shift such as occurs in the 
isomerization catalyzed by glyoxylase I (4, 5). The technique 
of using isotopic hydrogen to label either the water of the 
medium or the substrates and of determining the disposition of 
this isotope after reaction was employed in studying this mech- 
anism. This approach has proved useful in demonstrating the 
formation of an enzyme-dihydroxyacetone phosphate compound 
before condensation in the aldolase reaction (6). 

In the present experiments it is shown that no direct hydride 
shift occurs during the triosephosphate isomerase reaction and 
that there is complete stereospecificity relative to the carbinol 
hydrogens of dihydroxyacetone phosphate in the conversion to 
glyceraldehyde 3-phosphate. These findings are consistent with 
the concept of an enediol intermediate only if it is assumed not 
to be freely dissociable from the enzyme. 

A preliminary report of these experiments has been published 
(7) and some of the findings have also been made by Bloom and 


Topper (8). 
EXPERIMENTAL 


Materials and Methods 


The methods of preparation of aldolase, glyceraldehyde-3-P 
dehydrogenase, dihydroxyacetone-P, glyceraldehyde-3-P, and al- 
dolase-labeled dihydroxyacetone-P and the ion exchange separa- 
tion and counting of the tritiated compounds have been pre- 
viously described (6). Triosephosphate isomerase was prepared 
from calf muscle by the method of Beisenherz (9) and assaved by 
coupling with glyceraldehyde-3-P dehydrogenase in a mixture 
containing dihydroxyacetone-P (1 mm), DPN (1 mM), arsenate 
(6mm), EDTA! (1 mM), and Tris buffer (50 mm, pH 7.4). Under 
these conditions the velocity of the reaction is proportional to 
the concentration of dihydroxyacetone-P and the activity of isom- 
erase was 1000 times that of the contaminating aldolase when 
the latter was assayed according to Taylor et al. (10). A unit of 
activity is defined in terms of the conversion of 10-* uwmole of 
dihydroxyacetone-P per minute under these conditions, At the 
equilibrium of the isomerase reaction 95 per cent of the triose- 


* Supported by grants (A 912 and A 933) from the National 
Institutes of Health, United States Public Health Service. 

'The abbreviations used are: EDTA, ethylenediaminetetra- 
acetic acid; Tris, tris(hydroxymethyl)aminomethane. 


phosphate present is dihydroxyacetone-P. No attempt was 
made to separate the dihydroxyacetone-P and glyceraldehyde-3-P 
by ion exchange chromatography and the combined triosephos- 
phate determined by spectrophotometric assay with isomerase 
plus glycerophosphate dehydrogenase is herein designated as di- 
hydroxyacetone-P. 


RESULTS AND DISCUSSION 


Dihydroxyacetone-P when incubated in the presence of triose- 
phosphate isomerase and tritiated water became labeled to the 
extent of 1 atom of stably bound tritium per mole of dihydroxy- 
acetone-P (Table I). No labeling of the substrates by tritium 
occurred when dihydroxyacetone-P and glyceraldehyde-3-P were 
incubated under the same conditions in the absence of enzyme. 
Thus in the enzymatic reaction labeling of the substrate took 
place and this is specific for one position in the molecule of di- 
hydroxyacetone-P. These results therefore indicate that a stere- 
ospecific labeling of dihydroxyacetone-P by hydrogen of the water 
occurs in the presence of triosephosphate isomerase. This speci- 
ficity excludes the possibility that an enolate ion fully dissociable 
from the enzyme surface is involved as an important intermediate 
in this isomerization, since subsequent tautomerization would be 
expected to be random and 2 atoms of tritium per mole of sub- 
strate would be incorporated. 

The reaction of periodate with the labeled dihydroxyacetone-P 
and the subsequent isolation of the formaldehyde formed per- 
mitted the demonstration that in both the triosephosphate isom- 
erase and aldolase reactions the stereospecific labelings occur on 
the carbinol carbon of dihydroxyacetone-P (Table II). Fur- 
thermore that each of the two reactions is concerned exclusively 
with a different one of the two hydrogens on the carbinol carbon 
of dihydroxyacetone-P is shown in Table III. These data show 
that isomerase-labeled dihydroxyacetone-P is not detritiated by 
muscle aldolase nor is the aldolase-labeled dihydroxyvacetone-P 
detritiated by isomerase. It can therefore be concluded that 
labeling of dihydroxyacetone-P with tritium by these two en- 
zymes creates two tritiated species which are enantiomorphic. 
The absolute configuration of these enantiomorphs has been 
established (12). 

Although showing the participation of protons from the me- 
dium in the isomerase reaction, these experiments do not elimi- 
nate the participation of a hydride shift mechanism. In the 
“isomerization” of citrate to isocitrate by the enzyme aconitase, 
it has been concluded that a hydride shift pathway and a path- 
way involving exchange of protons from the medium are both 
operative (13). The possible participation of a hydride shift in 
the triosephosphate isomerase was studied in the following experi- 
ment. Tritiated dihydroxyacetone-P labeled stereospecifically 
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TABLE I 
Extent of labeling of dihydroxyacetone phosphate in TOH 

In Experiment 1, 5 wmoles each of dihydroxyacetone-P and 
glyceraldehyde-3-P were incubated with 50 umoles of Tris buffer, 
pH 7.5, and TOH in final volume of 0.4 ml. for 3 hours at 23°. Ex- 
periment 2: the reaction mixture, in 0.78 ml., containing of the en- 
zyme, 11 wmoles of dihydroxyacetone-P, TOH, 50 umoles of buffer, 
was incubated as before. In Experiment 3, 0.2 umole of copper 
acetate was included to inhibit the aldolase in the enzyme prep- 
aration together with 21 wmoles each of dihydroxyacetone-P and 
glyceraldehyde-3-P at pH 7.5 in a final volume of 2.5 ml. of TOH. 


Specific Specific 
Compounds Isomerase | activity of ped 
compound of TO 
units c.p.m./pmole | c.p.m./patom 
Experiment 1 
Dihydroxyacetone-P......... none 0 699 
Glyceraldehyde-3-P.......... 0 
Experiment 2 
Dihydroxyacetone-P......... 1600 303 278 
Experiment 3 
Dihydroxyacetone-P......... 475 3150 3590 
TABLE II 


Periodate oxidation of tritiated dihydroryacetone phosphate 


The reaction mixtures contained 5 ymoles of dihydroxyacetone- 
P, 100 umoles of potassium phosphate buffer, pH 7.4, and 50 umoles 
of H;IO¢in 1 ml. of water. After 3 hours at 23° the formaldehyde 
was distilled into 0.5 ml. of 0.5 per cent NaHSO,, and the distillate 
was lyophilized, reconstituted, and lyophilized again to remove 
TOH. The final residue was counted and analyzed for formalde- 
hyde (11). 


Dihydroxyacetone-P Formaldehyde 


Labeled by | Specific activity specific activity 
c.p.m./pmole c.p.m./pmole 
| 777 835 
| 852 750 


by isomerase was prepared free from glyceraldehyde-3-P by in- 
cubating the isomerase equilibrium mixture with muscle aldolase 
to convert the glyceraldehyde-3-P to fructose-1 ,6-di-P and by 
repurification by ion exchange on Dowex 1 (Cl). This dihy- 
droxyacetone-P then was incubated with isomerase in the absence 
or presence of glyceraldehyde-3-P dehydrogenase plus arsenate 
and DPN to convert the glyceraldehyde-3-P formed to 3-P- 
glyceric acid. The latter reaction was followed spectrophoto- 
metrically at 340 my to completion at which time the reactions 
were stopped. Both reaction mixtures were passed through 
Dowex 1 (Cl) to remove all the anions. The radioactivity which 
was found in the water was the same in both cases indicating that 
no hyride shift of the isomerase-labeled hydrogen of dihy- 
droxyacetone-P to the a-hydrogen of glyceraldehyde-3-P had 
occurred for this radioactivity would have been in the P-glyceric 
acid in the latter reaction and retained by the column. Fur- 
thermore this tritium could not have remained on the aldehyde 
carbon of glyceraldehyde-3-P since it subsequently would have 
been transferred to the DPN in the oxidation of glyceraldehyde- 
3-P to 3-P-glyceric acid and would have remained on the resin 
column as DPNT. These results imply that when dihydroxy- 


Isomerase Reaction 


Vol. 234, No. 5 


acetone-P is converted to glyceraldehyde-3-P in the isomerase 
reaction ore hydrogen is lost into and then gained from the 
medium. 

From the preceding findings it would follow that the origin of 
the aldehydo-hydrogen of glyceraldehyde-3-P is that hydrogen 
of dihydroxyacetone-P which is labilized by muscle and yeast 
aldolases. This was demonstrated directly in the following ex- 
periment. Dihydroxyacetone-P labeled with tritium by means 
of muscle aldolase was incubated with triosephosphate isomerase, 
glyceraldehyde-3-P dehydrogenase, arsenate, and DPN. When 
spectrophotometric measurements showed the reaction to be 
complete, the DPNH was oxidized with acetaldehyde and yeast 
alcohol dehydrogenase. This reaction does not remove the hy- 
drogen of DPNH which is activated in the glyceraldehyde-3-P 
dehydrogenase reaction (14). Of the 182,000 c.p.m. originally 
present in the dihydroxyacetone-P, 167,000 c.p.m. were recovered 
in the DPN (purified on a Dowex 1 (Cl) column) and 10,400 
c.p.m. were found in the water. These latter counts were prob- 
ably the result of the action of aldolase which contaminated the 
triosephosphate isomerase preparation. The results demonstrate 
that the aldehydo-hydrogen of glyceraldehyde-3-P came from 
the aldolase-labeled hydrogen of dihydroxyacetone-P and also 
substantiate the conclusion that the origin of the a-hydrogen of 
glyceraldehyde-3-P is from the medium and does not arise by 
hydride shift from either of the two carbinol hydrogens of di- 
hydroxyacetone-P. 

Based upon the stereospecificities of the aldolase and triose- 
phosphate isomerase reactions and the origin of the aldehydo- 
and a-hydrogen of glyceraldehyde-3-P, 3 equivalents of tritium 
per mole of hexose would be expected when fructose-1 , 6-di-P is 
equilibrated with TOH in the presence of isomerase and muscle 
aldolase. Experimentally a value of 3.3 was found after washing 
out the readily exchangeable hydrogens during the reisolation. 
Also, a knowledge of the stereospecificities of these two enzymes 


TaB_Le III 
Stereospecificity of isomerase and aldolase 


In Experiment 1, 8.5 wmoles of the differently labeled dihy- 
droxyacetone-P’s were incubated with 4000 units* of aldolase for 
2.5 hours at 23°. In Experiment 2, 12 umoles of either aldolase- 
labeled or unlabeled dihydroxyacetone-P were incubated with 
1600 units of isomerase for 4 hours. TOH with a final specific 
activity of 850 c.p.m. per watom of hydrogen was present in the 
latter incubation. In both experiments 50 uwmoles of Tris, pH 
7.5, were present, and the total volume was 0.8 ml. The sub- 
strates were reisolated by ion exchange chromatography in all 
cases. 


Initial dihydroxyacetone-P Final dihydroxy- 
Enzyme acetone- 
Specific specific activity 
activity 
c.p.m./pmole c.p.m./pmole 
Experiment 1 
Isomerase....... 758 aldolase 777 
Aldolase........ 713 aldolase 37 
Experiment 2 
Aldolase........ 713 isomerase 667 
Unlabeled... .. 0 isomerase 821 


* A unit of aldolase is defined as that amount which converts 
10°? umoles of fructose-di-P per minute under the assay conditions 
of Taylor et al. (10). 
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has provided an explanation of the highly unsymmetrical label- 
ing found to arise when the isotope of a-deuteriolactate is traced 
to liver glycogen in the rat (15). 

It was of interest to determine whether, as in the aldolase 
studies (6), the labeling of dihydroxyacetone-P by isomerase 
could also have been the result of an exchange reaction. In a 
one substrate-one product reaction such as this an exchange 
would be indicated if the rate of labeling of the substrate were 
more rapid than could be explained by the rate of the combined 
forward and back reactions. Thus with a mechanism such as 
shown in Scheme 1, which might be a formal description of the 
enediol concept, failure to show an exchange reaction would indi- 
cate that Step 2 was rate limiting. On the other hand if this 
step in which the C—H bond is broken is shown not to be the 
slowest step and yet one is not able to demonstrate an exchange 
reaction, there would be justification for the so called push-pull 
type of reaction in which protons are removed from and added to 
the adjoining carbon atoms of the substrate by the concerted 
action of basic and acidic centers on the protein. 

To determine if the bond breaking step were rate limiting, the 
rate of the reaction of isomerase with dihydroxyacetone-P was 
compared with the rate with deuterio-dihydroxyacetone-P which 
had been prepared by incubation with isomerase in 99 per cent 
D.O. The rates were compared by coupling the isomerase re- 
action with the glyceraldehyde-3-P dehydrogenase system under 
conditions in which the isomerase step was rate limiting. It was 
found that the deuterated compound reacted about 0.45 times 
as rapidly as ordinary dihydroxyacetone-P over the pH region 
of 6.5 to 8.5 with no discernible dependence upon pH (Table IV). 
The fact that the mass effect on the reaction rate was not as great 
as would be expected if the bond breaking step had been far 
slower than other steps in the sequence made it feasible to inquire 
into the existence of an exchange reaction. 

In a series of experiments the rate of detritiation of isomerase 
labeled dihydroxyacetone-P was compared with the rate of the 
forward reaction coupled with the glyceraldehyde-3-P dehydro- 
genase system. This was done by determining the radioactivity 
in the water of samples taken at several time intervals during 
the course of the coupled reaction. In these experiments it was 
found that the rate of detritiation was always less than the rate 
of the net forward reaction but that the ratio of the two rates 
corrected for the isotope effect (16) fell in the range 0.42 to 0.69 
(Table V). This ratio should be lower than the ratio of the rates 
found with deuterated and ordinary dihydroxyacetone-P if there 
were no exchange reaction since the mass effect for tritium is 
greater than that for deuterium. In fact, if the expression de- 
rived by Swain et al. (17) is used to calculate the isotope effect 


H-C-OH , _|H-C-OH| _|©C-OH 
| 1 | +H* 
R R 
(1) 
H 
| 
C-OH| 4 | C=O 
H-C-O- H-C-OH 
: R 
where E= enzyme 
ScHEME I 
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TaBLeE IV 


Isomerase rates with normal and deuterated 
dihydroxryacetone phosphate 
Each incubation tube contained 0.11 umole of dihydroxyace- 
tone-P, 20 umoles of triethanolamine, 1 umole of arsenate, 0.5 
umole of DPN, 0.5 mg. of EDTA, 1 mg. of bovine serum albumin, 
glyceraldehyde-3-P dehydrogenase (rate = 0.4 umole per minute), 
and identical amounts of triosephosphate isomerase in a final vol- 
ume of 1 ml. at the pH indicated. Incubation temperature was 


23°. 
| Rate 
Substrate 
pH 6.5 | pH 7.5 pH 8.5 
myumoles/min. 
(a) Normal dihydroxyace- 
2.4 | 2.2 3.1 
Deuterated dihydroxy-ace- | 
0.46 | 0.44 0.45 
TABLE V 


Comparison of rates of detritiation and isomerization 


The incubations contained triethanolamine buffer (0.02 m, pH 
7.2), arsenate (1 mm), DPN (1 mm), EDTA (1.3 mM), bovine serum 
albumin (1 mg. per ml.), tritiated dihydroxyacetone-P (0.2 mM, 
123,000 c.p.m. per wmole) and the amounts of enzymes indicated 
in a final volume of 2 ml. The isomerase was added at zero min- 
utes and samples were removed immediately and at the indicated 
times for determination of the radioactivity in the water. Such 
samples were deproteinized with 10 uymoles of trichloroacetic acid 
and later neutralized before deionization on Dowex 1 (Cl). Op- 
tical density at 340 my was recorded at the same times. Excess 
isomerase was added eventually to determine the extent of detri- 
tiation at ‘‘infinite time.’’ 


= Glycer- | Dihydroxyacetone-P 
drogenase Detritiated Isomerized 
units units min. moles moles 
ee ee 3.4 | 23 | 0.033 | 0.076 | 0.42 
36 «(0.058 (0.115 | (0.46 
57 0.120 8; 
2 4000 0.043 0.073 0.58 
| 0.079 0.69 
3 | 400, 13 | 5.5 | 0.034 | 0.068 | 0.49 
| | | 10.5 | 0.066 | 0.12 | 0.50 
| | | 30 | 0.175 | 0.25 | 0.59 


for tritiated dihydroxyacetone-P from that obtained with deu- 
terated dihydroxyacetone-P, a ratio kr/ku = 0.32 is obtained 
from kp/ku = 0.45. The higher ratio of detritiation to net for- 
ward reaction was not lowered by increasing the amount of 
glyceraldehyde-3-P dehydrogenase present. These data tend to 
rule out the concerted mechanism and lend further support for a 
mechanism with a bound enolate anion such as that shown in 
Scheme 1. 


SUMMARY 


The interconversion of dihydroxyacetone phosphate and glyc- 
eraldehyde 3-phosphate in tritiated water by the enzyme triose- 
phosphate isomerase results in the formation of a monotritiated 
dihydroxyacetone phosphate. The steric specificity of this label- 


e 

f 

n 

st 

t 

J 

J 


1010 


ing was compared with that found with muscle aldolase. The 
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tion, and support the formation of an enolate anion bound to the 


data rule out a hydride shift as a mechanism for this isomeriza- enzyme. 
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Studies of the activation of acetate in biological systems have 
resulted in the conclusion that two major pathways are involved. 
In animal tissues the reaction proceeds according to Equation 1, 


Acetate + ATP + CoA = 
acetyl-CoA + AMP + pyrophosphate (1) 


but in bacterial systems the activation proceeds through two 
separate steps (Equations 2 and 3). 


Acetate + ATP = acetyl-P + ADP (2) 
Acetyl-P + CoA = acetyl-CoA + orthophosphate (3) 


Studies of the activation of fluoroacetate in pigeon liver (1) 
and rabbit kidney (2) extracts, as well as the isolation of fluoro- 
citrate (3), have demonstrated that fluoroacetate reacts in the 
acetic thiokinase reaction (Equation 1). With regard to activa- 
tion in the bacterial pathway (Equations 2 and 3), Mager et al. 
(4) have reported that fluoroacetate inhibits the growth of Esch- 
erichia coli, and Kalnitsky and Barron (5) have demonstrated 
that fluoroacetate inhibits acetate and pyruvate oxidation in 
several bacterial systems. Since such inhibition presumably in- 
volves formation of fluorocitrate, fluoroacety] phosphate would be 
expected to be a key intermediate. The present communication 
is concerned with several enzymatic reactions of fluoroacety] 
phosphate. 


EXPERIMENTAL 


Dry powders were prepared from pigeon liver and pig heart by 
extraction with acetone according to Kaplan and Lipmann (6). 
Both powders were extracted by making a 10 per cent suspension 
in 0.02 m potassium bicarbonate and centrifuging the insoluble 
material at 1650 XK g. Amine acetylase (A75) was prepared ac- 
cording to Chou and Lipmann (7). Malic dehydrogenase and 
condensing enzyme were present in the protein fraction (PN70) 
that was precipitated from the bicarbonate extract of pig heart 
powder by increasing the (NH,4)2SO, concentration from 50 per 
cent to 70 per cent of that required for saturation. The bacterial 
enzyme preparation from Escherichia coli 4157 was that previ- 
ously described (8).' A protein fraction (E62) containing trans- 


* This work was supported in part by a grant from the Western 
New York State Heart Association. It represents a portion of a 
dissertation submitted by Abraham Marcus to the Graduate 
School of the University of Buffalo, May 1956, in partial fulfill- 
ment of the requirements for the degree of Doctor of Philosophy. 

t Research Fellow of the National Heart Institute, United 
States Public Health Service. Present address, Plant Industry 
Station, United States Department of Agriculture, Beltsville, 
Maryland. 

1'The E. coli cultures were obtained through the courtesy of 
Dr. E. Witebsky of the Department of Bacteriology, the Univer- 
sity of Buffalo, and were prepared by Miss Ann Heide. 
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acetylase was precipitated from the buffered KCl extract of E. 
colt cells by increasing the ethanol concentration of the EZ. coli 
extract from 45 to 62 per cent (volume for volume). The tem- 
perature during this procedure was 3°. 

Acetyl phosphate and fluoroacetyl phosphate were prepared 
and determined as previously described (8). The hydrolysis of 
fluoroacetyl phosphate was measured by the hydroxamice acid re- 
action ((9, 10), see also (8)). The acetylation of p-nitroaniline 
and the formation or removal of citrate were determined either 
spectrophotometrically (11, 12), or by chemical means (13, 14). 
Protein was determined by the biuret reaction (15). Unless oth- 
erwise specified, all chemicals used were commercial preparations. 
The CoA used in the majority of the experiments was a pig liver 
coenzyme concentrate containing 13 Lipmann units per mg. (Ar- 
mour). In some experiments, a preparation containing 1 umole 
of CoA per mg. (obtained from Dr. R. O. Brady of the National 
Institutes of Health) was used. 


RESULTS 


Fluoroacetyl Phosphate in Transacetyiase Reaction—The pri- 
mary reaction which couples acetyl phosphate to the CoA-linked 
reaction is catalyzed by transacetylase (Equation 3). The report 
by Brady (2) of the arsenolysis of fluoroacetyl coenzyme A by 
transacetylase indicated that transacetylase can also catalyze 
Equation 4. However, it appeared desirable to obtain direct 
proof for the reactivity of fluoroacetyl phosphate. Accordingly, 
attempts were made to augment the hydrolysis of fluoroacety! 
phosphate by arsenate, t.e. by coupling Equations 4 and 5. 


Fluoroacetyl-P + CoA — 
fluoroacetyl-CoA + orthophosphate (4) 


Arsenate 
H:O 


In preliminary experiments arsenate caused a small but consist- 
ent increase of fluoroacetyl phosphate hydrolysis in the presence 
of an E. coli extract. When the extract was freed from endog- 
enous CoA by ethanol fractionation, or treatment with Dowex 1 
(16), the arsenate augmentation was dependent on exogenous 
CoA. These observations suggested that fluoroacetyl phosphate 
is indeed active in the transacetylase reaction. 

For more definitive evidence, attempts were made to couple 
the transacetylase reaction with the arylamine acetylase and con- 
densing enzyme systems. 

In the first experiment, the requirements for acylation of p- 
nitroaniline by fluoroacetyl phosphate were studied. As shown 
in Table I, omission of transacetylase (E62), of amine acetylase 
(A75), or of CoA, results in essentially complete loss of activity. 
Such requirements are consistent with the activity of fluoroacetyl 
phosphate in the transacetylase reaction. 


> fluoroacetate + CoA = (5) 


Fluoroacetyl-CoA 


TABLE I 


Requirements for acylation of p-nitroaniline 
with fluoroacetyl phosphate 


Conditions Amount acylated 
ME. 
Without pigeon liver (A75)............. 0.0 


* The complete system contained 50 umoles of Tris buffer, pH 
7.3; 3.2 umoles of glutathione; 40 umoles of KF; 40 umoles of K2S0,; 
6.9 ug. (0.05 umoles) of p-nitroaniline; 2.1 umoles of fluoroacetyl 
phosphate; 0.05 ml. of £62 (0.1 mg. of protein); 0.10 ml. of A75 
(0.64 mg. of protein); and 12 units of CoA to a final volume of 
0.47 ml. Incubated at 24° for 25 minutes. 


™e 


Ac-P 
25+ 
2 
© 


INCREASE IN OPTICAL DENSITY AT 940 mys 


CONTROLS 


MINUTES 


Fig. 1. Comparison of the reactivity of acetyl phosphate 
(Ac-P) or fluoroacetyl phosphate (FAc-P) when coupled to the 
condensing enzyme by the transacetylase reaction. The complete 
system contained 125 ymoles of Tris buffer, pH 7.3; 25 umoles of 
KCl; 40 wpmoles of KF; 40 umoles of K.SO,; 6.4 umoles of gluta- 
thione; 0.2 umole of DPN; 0.1 wmole of CoA (Pabst); 10 umoles of 
malate (neutralized to pH 7.2 with KOH); 0.1 ml. of E. coli extract 
(diluted 1:6; 0.1 mg. of protein); 0.1 ml. of 50 to 70 per cent (NH) o- 
SO, fraction (PN70) of pig heart (0.9 mg. of protein); and water to 
a final volume of 1.0 ml. Inecubated at 24°. The reactions were 
started by the addition of 1.3 wmoles of the indicated acyl phos- 
phates. Control 1 is the complete svstem with fluoroacetyl phos- 
phate but without PN70; Control 2 was obtained by individual 
omission of colt, CoA, or fluoroacetyl phosphate. 


In subsequent experiments cither transacetylase or amine acet- 
ylase were made limiting, and the rates of reaction of acetyl 
phosphate and fluoroacectyl phosphate were compared. With 
transacetylase and CoA in excess (amine acetylase-limiting), 
fluoroacetyl phosphate reacted 3.2 times as rapidly as acetyl 
phosphate. When amine acetylase was in excess (transacetylase- 
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limiting) the rates were essentially identical. These results are 
in good agreement with those previously reported by Brady (2) 
in experiments with fluoroacetyl coenzyme A. 

As further corroboration of the reactivity of fluoroacety] phos- 
phate with transacetylase, the reaction was coupled with condens- 
ing enzyme. L-malate, DPN, and malic dehydrogenase were 
utilized as a source of oxaloacetate, and the reaction was followed 
spectrophotometrically at 340 my (10). As shown in Fig. 1, E. 
coli extract (containing transacetylase) and pig heart enzyme 
((PN70) containing both malic dehydrogenase and condensing 
enzyme) as well as CoA are required for DPN reduction. By re- 
storing the component absent from the control tubes, the rate of 
reaction of the complete system was regained. The product 
formed after incubation was shown to be fluorocitrate by its abil- 
ity to inhibit oxidation of citrate in a rabbit kidney homogenate 
(17). The reaction with acetyl phosphate is much more rapid 
than with fluoroacetyl phosphate as would be expected from the 
relative reaction rates of acetyl-CoA and fluoroacetyl-CoA previ- 
ously reported (2). 

Fluoroacetyl Phosphate in Acetokinase Reactton—Rose et al. 
(18) reported that fluoroacetate does not replace acetate in the 
acetokinase reaction (Equation 2). However, since the equi- 
librium of this reaction is in the direction of synthesis of ATP, a 
more sensitive test could be made with fluoroacetyl phosphate, 
and experiments were designed to determine whether ADP ac- 
celerated the hydrolysis of fluoroacetyl phosphate (Equation 6). 


Fluoroacetyl-P + ADP = fluoroacetate + ATP (6) 


As is shown in Table II, Experiment 1, addition of ADP alone 
does not affect the rate of nonenzymatic hydrolysis. However, 
in the presence of EF. coli extract, there is a marked augmentation 
of hydrolysis of fluoroacety] phosphate by ADP (Table I], Ex- 
periment 2). To establish that the observed hydrolysis in the 
presence of ADP indeed resulted in the formation of ATP as 
shown in Equation 6, two other types of experiments were per- 
formed. The first experiments were based on the consideration 
that if ATP is synthesized in the reaction, a further augmentation 
of the hydrolysis might be obtained by addition of an ATP-utiliz- 
ing system. As is shown in Table II, Experiment 3, addition of 
hexokinase, glucose, and ADP had no effect on the hydrolysis. 
Similar results were obtained with each of these components when 
tested alone or in combination with one other component. Addi- 
tion of hexokinase and glucose in the absence of ADP had no 
effect on the rate of the enzymatic hydrolysis (Table II, Experi- 
ment 4). However, when hexokinase was added in the presence 
of ADP and E. coli extract, the hydrolysis was stimulated by each 
component (Table II, Experiment 5). The hexokinase (Nutri- 
tional Biochemicals) contained glucose, so that a requirement for 
glucose could be shown only with conditions under which very 
rapid hydrolysis occurred (Table II, Experiment 6). 

In the second type of experiment, the product of the enzymatic 
reaction with fluoroacetyl phosphate and ADP was tested for 
ATP by employing the acetokinase reaction with acetate in the 
forward direction (19). The complete incubation mixture con- 
tained 100 umoles of Tris? buffer at pH 7.3, 10 umoles of MgCl 
0.03 ml. of E. coli extract, 5 umoles of ADP, and 8.4 ywmoles of 
fluoroacety! phosphate in a final volume of 0.65 ml. After incu- 
bation for 4 minutes at 27°, the vessels were heated at 100° for 


2The abbreviation used is: Tris, tris(hydroxymethy])amino- 
methane. 
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TABLE II 
Catalysis of fluoroacetyl phosphate hydrolysis by ADP 


The complete system contained 100 uwmoles of Tris buffer, pH 
7.3; 10 umoles of MgCl; and fluoroacetyl phosphate (2.0 umoles in 
Experiment 1, 2.9 umoles in Experiment 2, 3.3 wmoles in Experi- 
ment 3, 2.8 wmoles in Experiment 4, 8.4 uwmoles in Experiment 5, 
and 11.2 umoles in Experiment 6); and other additions as indicated 
in a final volume of 1 ml. The time and temperature of incuba- 
tion were as follows: Experiment 1, 18 minutes at 26°; Experi- 
ment 2, 4 minutes at 27°; Experiment 3, 4 minutes at 28°; Experi- 
ment 4, 5 minutes at 27°; Experiment 5, 4 minutes at 27°; and 
Experiment 6, 6 minutes at 27°. In Experiment 1, the reaction 
was stopped by the addition of 300 wmoles of hydroxylamine. In 
the remaining experiments, 1 umole of HgClz was added before 
the addition of the hydroxylamine. The additions were 0.03 
ml. of E. coli extract; ADP (10 umoles in Experiments 1 and 2, 5 
umoles in Experiments 3, 5, and 6); 2.5 mg. of hexokinase (Nutri- 
tional Biochemicals); and 20 umoles of glucose. 


Experiment No. Additions F SS 
pmoles 
1 None 1.09 
ADP 1.10 
2 None 0.50 
E. coli extract 0.88 
E. coli extract + ADP 2.36 
3 None 0.60 
hexokinase + ADP + glucose 0.60 
4 None 0.86 
E. coli 1.2 
E. coli + hexokinase + glucose 1.2 
5 E. coli 2.1 
E. coli + ADP 4.9 
E. coli + ADP + hexokinase 6.0 
6 E. coli + ADP + hexokinase 7.9 
E. coli + ADP + hexokinase + 9.0 
glucose 


1 minute and cooled. The protein was centrifuged and the ves- 
sels were again incubated at 35° for 30 minutes to destroy residual 
fluoroacetyl phosphate. The supernatant solutions were then 
added to the assay system which contained 300 umoles of neutral 
hydroxylamine. The assay system was incubated for 12 min- 
utes at 27° and hydroxamic acid determined. The results (Table 
III) show that 4.2 umoles of ATP were synthesized when both 
the incubation and assay systems were complete. When acetate 
was omitted from the assay system, no hydroxamic acid was 
formed. If E. coli was omitted from the incubation mixture, or 
if the fluoroacetyl phosphate was hydrolyzed before incubation, 
only about one-fourth as much ATP was formed as in the com- 
plete system, attributable essentially to myokinase in the E. coli 
extract. 

Since the experiments indicated that fluoroacetyl phosphate re- 
acts in the acetokinase reaction, attempts were made to deter- 
mine whether some reaction might be obtained with fluoroacetate 
in the forward direction. As is shown in Table IV, with high 
concentrations of fluoroacetate, hydroxamic acid is formed. If 
the concentration is raised beyond 0.25 M, there is definite inhibi- 
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TaBLeE III 
Assay of ATP formed from fluoroacetyl phosphate-ADP reaction 
See text for description. 


Incubation system Assay system Hydroxamic acid formed 
umoles 
Hydrolyzed fluoroacety] 
phosphate.............. Complete 1.3 
TABLE IV 


Activity of fluoroacetate in acetokinase reaction 


The complete system contained 100 umoles of Tris buffer, pH 
7.3; 10 umoles of MgCl2; 0.1 ml. of E. coli extract; 10 umoles ATP; 
300 umoles hydroxylamine; and other additions to a volume of 1.1 


ml. Incubated for 90 minutes at 27°. 
Fluoroacetate added Hydroxamic acid formed 
pmoles pmoles 
Experiment 1 
Experiment 2 


tion. These results have been duplicated with purified fluoroace- 
tate (Table IV, Experiment 2). 


DISCUSSION 


Growth and metabolism experiments with bacteria have in- 
dicated that fluoroacetate is a metabolic inhibitor. By analogy 
with mammalian systems, this would involve formation of fluoro- 
acetyl coenzyme A and fluorocitrate, with fluoroacety] phosphate 
an obligatory intermediate. The ability of fluoroacetyl phos- 
phate to take part in the reactions mediated by CoA when cou- 
pled with bacterial transacetylase indicates that one requirement 
is met. Rapid enzymatic hydrolysis is not necessarily an objec- 
tion since, in vivo, only a small amount of fluoroacetyl phosphate 
might be synthesized, and this would be rapidly converted inte 
the more stable fluoroacetyl coenzyme A. The present experi- 
ments demonstrate a rapid reaction of fluoroacetyl] phosphate in 
the acetokinase system and suggest that this pathway represents 
a mode of synthesis of fluoroacetyl phosphate. The very poor 
reactivity in the forward direction may be the result of an un- 
favorable equilibrium. Alternatively, it is possible that the for- 
ward reaction may show greater specificity than the reverse 
reaction, as has been shown to be the case with the tryptophan- 
and methionine-activating enzymes (20, 21). 


SUMMARY 


Fluoroacetyl phosphate has been shown to react in the trans- 
acetylase and acetokinase reactions. The conversion of fluoro- 
acetyl phosphate to the more stable fluoroacetyl coenzyme A, by 
transacetylase, leads to arylamine acylation and fluorocitrate 
synthesis. 
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The inhibition of glycolysis by respiration (Pasteur effect) and 
the inhibition of respiration by glycolysis (Crabtree effect) repre- 
sent nonhormonal regulatory mechanisms of cellular metabolism. 
Some of the previous work on these phenomena in intact cells 
will be reviewed in subsequent papers (1, 2) together with a re- 
port on recent experimental work on ascites tumor cells. The 
difficulty of obtaining broken cell preparations which exhibit a 
Pasteur effect has led to the view that this phenomenon is de- 
pendent to some degree on the structural integrity of the tissue. 
However, in 1950, Meyerhof and Fiala (3) demonstrated a 
Pasteur effect in sonically disrupted veast. The shght inhibition 
of glycolysis observed under aerobic conditions was released upon 
addition of an uncoupler of oxidative phosphorylation such as 
p-nitrophenol. Terner (4, 5) demonstrated, in homogenates of 
rat or guinea pig mammary gland, a Pasteur effect which was 
released by p-nitrophenol or by high concentrations of adenosine 
5-phosphate. Aisenberg, Reinafarje and Potter' reported on a 
Pasteur effect in a cell-free system consisting of a glycolyzing 
brain extract and respiring rat liver mitochondria (6, 7). Inter- 
actions between lactic dehydrogenase, pyruvate kinase and mito- 
chondria were studied by Von Korff and Twedt (8).  Obser- 
vations on a reconstructed system of glycolysis and respiring 
mitochondria exhibiting a Pasteur effect and a Crabtree effect 
were reported from this laboratory (9, 10). 

Many theories have been proposed for the mechanism of the 
Pasteur effect (cf. 11, 12). In recent years, however, a number 
of investigators (13-18) have emphasized the importance of the 
intracellular levels of inorganic phosphate and adenine nucleo- 
tides in the regulation of glycolysis and oxidative phosphoryla- 
tion. It was proposed that the Pasteur and Crabtree effects may 
be due to a competition between the oxidative phosphorylation 
and glycolytic systems for cofactors such as inorganic phosphate 
and adenine nucleotides. 

In order to explore the kinetic aspects of such a competition 
and the effect of the concentration of enzymes and coenzymes, a 
reconstructed system was devised. This system was composed 


* This work was supported in part by a Grant No. C-3463 from 
The National Institutes of Health, United States Public Health 
Service, Bethesda, Maryland, and in part by a grant from the 
Jane Coffin Childs Memorial Fund for Medical Research, New 
Haven, Conn. 

t Fellow of the Jane Coffin Childs Memorial Fund for Medical 
Research. Present address, Department of Biochemistry, Hadas- 
sah-Hebrew University School of Medicine, Jerusalem, Israel. 

‘We wish to thank Dr. Potter for making these manuscripts 
available to us before their publication. 


of respiring rat liver mitochondria, a purified glycolytic system, 
and the necessary cofactors, DPN, ATP, P;,2 and Mg++. The 
reconstructed glycolytic system catalyzed the conversion of 
glucose or fructose to lactic acid. 

The mutual effects of glycolysis and oxidative phosphorylation 
upon each other were studied in the reconstructed system under 
the following conditions; (a) excess P; and limiting concentration 
of adenine nucleotides, (6) limiting concentrations of P; and 
excess adenine nucleotides, (c) limiting concentrations of both P; 
and adenine nucleotides, and (d) variable amounts of mito- 
chondria and glycolytic enzymes. It was demonstrated that 
when either the P; or the adenine nucleotides were present in 
suboptimal concentrations, the respiring mitochondria inhibited 
glycolysis (Pasteur effect) and the glycolytic system inhibited 
mitochondrial respiration (Crabtree effect). 


EXPERIMENTAL 


Preparations and \Methods 


Chemicals—Adenine and pyridine nucleotides, glucose-6-P, 
and phosphocreatine were purchased from Sigma Chemical 
Company; fructose-6-P and fructose-di-P from either Schwarz 
Laboratories or from Boehringer and Soehne, Mannheim, Ger- 
many; 2-PGA from Boehringer and Soehne; t-glutamate (chro- 
matographically pure) and phosphoryl-enolpyruvate (Ag, Ba salt) 
from the California Foundation for Biochemical Research; and 
bovine serum albumin from Armour and Company. Pyruvate 
kinase, lactic dehydrogenase, aldolase, a-glycerophosphate de- 
hydrogenase, and mixed crystals of a-glycerophosphate dehydro- 
genase and glyceraldehyde 3-phosphate isomerase were obtained 
from Boehringer and Soehne. 

2 ,3-Diphosphoglyceric acid was prepared from pig blood ac- 
cording to Greenwald (19). The tribarium salt was converted to 
the brucine salt (20). After two recrystallizations from water 
the brucine salt was reconverted to the tribarium salt. Analysis 
of tribarium diphosphoglycerate, Ba3(P2C3H;O10)2-H.O, for total 
phosphate was: P (per cent); calculated 13.0, found 13.4. 

Enzyme Preparations—Glass distilled water was used through- 
out the isolation and assay of the enzymes. The enzymes were 


2 The abbreviations used are: P;, inorganic phosphate; EDTA, 
ethylenediaminetetraacetate; Tris, tris(hydroxymethyl)amino- 
methane; HMP, fructose and glucose monophosphates; fruc- 
tose-di-P, fructose-1,6-diphosphate; DHAP, dihydroxyacetone 
phosphate; 2-PGA and 3-PGA, 2-phosphoglycerate and 3-phos- 
phoglvcerate. 
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stored in the refrigerator as suspensions in ammonium sulfate, 
except for enolase and creatine kinase which were stored as 
lyophilized powders in a desiccator at 4°. Before use, all en- 
zymes except phosphofructokinase were dialyzed for about 3 to 
5 hours. Pyruvate kinase was dialyzed against 2000 to 4000 
volumes of 0.01 mM pt-histidine; myokinase against 2 x 500 
volumes of distilled water, and hexokinase against 2 « 100 
volumes of 1 per cent glucose in 0.015 M acetate buffer, pH. 5.4. 
All other enzymes were dialyzed against 2000 to 5000 volumes of 
600 wg. per ml. of EDTA (disodium salt brought to pH 8.0 with 
KOH). After dialysis the enzymes were stored in the refriger- 
ator except for hexokinase and phosphoglycerate mutase which 
were kept frozen at —20°. 

The enzymes, except for myokinase, creatine kinase, and 
apyrase were assayed at pH 7.4 with 5 x 10-° o Tris buffer, as 
described in a subsequent paper (1). A unit (1 U) of enzyme 
activity is defined as that amount of enzyme which catalyzed the 
turnover of 1 umole of substrate per minute. Specific activity is 
defined as units per mg. of protein under the above assay condi- 
tions. 

Hexokinase was prepared from bakers’ yeast through the first 
ammonium sulfate precipitation step, according to Darrow and 
Colowick® (21); specific activity, 40 U. per mg. There was 
little loss of activity after dialyzing and storage at —20° for 
several months. 

Phosphoglucose isomerase was prepared from rabbit muscle 
according to Slein (22); specific activity, 20 U. per mg. There 
was little loss of activity after dialysis and storage at 4° for several 
weeks. A preparation of phosphoglucose isomerase from dog 
muscle was also used.4 

Phosphofructokinase—An extract from 500 to 700 gm. of rab- 
bit muscle was precipitated at pH 7.8 and at 52 per cent satura- 
tion of ammonium sulfate (23) in the presence of 1.8 mg. of 
EDTA per ml. The precipitated protein was extracted three 
times with 100 ml. of a 40 per cent saturated solution of am- 
monium sulfate at pH 7.8. Usually most of the phosphofruc- 
tokinase activity was found in the second extract which was 
clarified by filtration. To the filtrate 0.5 volume of saturated 
solution of ammonium sulfate, pH 7.8, was added and the 
mixture was centrifuged for 10 minutes at 18,000 x g in the 
cold room. The precipitate was dissolved in 5 ml. of 2 mg. per 
ml. of neutral EDTA. A saturated solution of ammonium 
sulfate, pH 7.8, was added slowly with mixing until the ap- 
pearance of a slight turbidity. The mixture was kept over- 
night in the refrigerator and then centrifuged in the cold. The 
precipitate was dissolved in 2 ml. of 2 mg. per ml. of neutral 
EDTA and 3 ml. of saturated ammonium sulfate, pH 7.8, were 
added. The specific activity was 48 U. per mg. Since the 
enzyme lost activity on dialysis, the concentrated suspension, 
which lost only 20 to 30 per cent of its activity after 1 year at 
4°, was either used directly or a portion of it was centrifuged and 
the precipitate dissolved in 0.05 m Tris, pH 7.4, containing 0.1 
per cent serum albumin. 

Enzyme Mixture for Assay of Phosphofructokinase—1 volume 
of the rabbit muscle paste obtained between 52 and 72 per cent 
saturation with ammonium sulfate (23) was diluted with 10 


3 We wish to thank Dr. R. A. Darrow and Dr. 8. P. Colowick for 
making their procedure available to us prior to its publication. 

4 We wish to thank Dr. R. Reissberg and Dr. O. Bodansky for a 
generous gift of phosphoglucose isomerase prepared from dog 
muscle. 
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volumes of 0.1 M acetate buffer, pH 5.4, and the solution incu. 
bated for 20 to 30 minutes at 37°. The heavy precipitate was 
centrifuged off at room temperature and discarded. Tris, 1 wy, 
pH 7.8, was added to the supernatant solution to give a final 
concentration of 0.2 m. This solution contains phosphoglucose 
isomerase, aldolase, and a-glycerophosphate dehydrogenase, but 
no hexokinase or phosphofructokinase, and could be stored 
frozen for several weeks. This solution, 0.03 to 0.05 ml., was 
used for assay of phosphofructokinase in a final volume of 1 ml, 

Aldolase was prepared from rabbit muscle according to Taylor 
(24) and recrystallized 4 times. Specific activity after dialysis 
was 12.5 U. per mg. The dialyzed solution lost about 10 to 20 
per cent of its activity after 1 month of storage at 4°. 

Glyceraldehyde 3-phosphate dehydrogenase was prepared from 
rabbit muscle (23) in the presence of 1.8 mg. of EDTA per nl, 
and recrystallized 7 times. The specific activity, depending 
upon the age of the preparation, varied between 15 to 50 U. per 
mg. The activity loss of the dialyzed enzyme was about 30 per 
cent after storage of 1 month at 4°. 

Phosphoglycerate kinase was prepared from brewers’ yeast.’ 
The yeast was spread in a thin layer and dried in about 8 hours 
by blowing air over it. The purification procedure of Biicher 
(25) was followed through Step 6 and the nucleoprotein pre- 
cipitated with ammonium sulfate. Specific activity was 158 U. 
per mg. as assayed in the back reaction. The enzyme could be 
dialyzed and stored at 4° for 2 to 3 months without loss of ac- 
tivity. 

Phosphoglycerate mutase was prepared from rabbit muscle 
according to Cowgill® (26). The specific activity was 60 U. per 
mg. and the enzyme could be dialyzed and stored at —20° for 
several months without loss of activity. 

Enolase was prepared from brewers’ yeast according to Biicher 
(27). The preparation was followed through Step 8 and was 
stored as a lyophilized powder in a desiccator at 4°. The specific 
activity was 47 U. per mg. 

Pyruvate kinase was prepared according to Beisenherz et al. 
(28). Some of the later experiments were carried out with con- 
mercial preparations. The specific activity was 100 U. per mg. 
and little activity was lost on dialysis. About 20 to 30 per cent 
of activity loss was observed after storage of the dialyzed enzyme 
for a month at 4°. 

Lactic dehydrogenase was prepared according to Beisenhers 
et al. (28). In later experiments commercial preparations were 
also used. The specific activity was 150 to 300 U. per mg. Af- 
ter dialysis the activity loss was about 20 per cent after 1 month 
of storage at 4°. 

ATP-creatine transphosphorylase (creatine kinase) was pre- 
pared according to Noda et al. (29). After recrystallization the 
crystals were dissolved in 0.01 m glycine-NaOH buffer, pH 9.0, 
and lyophilized. Specific activity was 46 U. per mg. (units de 
fined according to (29)). 

Myokinase (adenylate kinase) was prepared according to Colo- 
wick (30) and assayed according to Kornberg and Pricer (31). 
The specific activity was 90 U. per mg. 

Potato apyrase was prepared according to Krishnan (32). In 
order to obtain a value of ATPase activity under conditions 
similar to those of the reconstructed system, catalytic amounts 


6’ We wish to thank Dr. Bockleman of The Schaefer F. and M. 
Brewing Company for a generous supply of this yeast. : 

6 We wish to thank Dr. R. W. Cowgill for making his procedure 
available to us before its publication. 
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Fig. 1. Assay of apyrase. Each test tube contained, in a final 
volume of 0.5 ml: 15 wmoles of pL-histidine; 10 wmoles of K-glu- 
tamate; 250 ug. of DPN; either 0.15 umole or 1.5 umoles of ATP; 
10 umoles of KCl; 10 wmoles of glucose; 0.05 ml. of 0.25 m man- 
nitol containing 1 mg. per ml. of neutral EDTA; 2.5 umoles of 
MgCl.; 1.8 wumoles of phosphoryl-enolpyruvate; 100 ug. of pyruvate 
kinase; 100 ug. of myokinase and the apyrase diluted in a solu- 
tion of 0.03 m Tris, pH 7.4, containing 0.1 percent serum albumin. 
The final pH was 7.4. The mixtures were incubated for 5 minutes 
at 30° and deproteinized with 0.5 ml. of 10 per cent trichloroacetic 
acid. 


of ATP were used in conjunction with a regeneration system. 
The assay medium contained in a final volume of 0.5 ml.; 3 x 
10 m pt-histidine, pH 7.4; 2 10-7 m K-glutamate; m 
DPN, 3 X 10-*or 3 X mM ATP; 2 X 10°? mM KCI; 5 x 10-3 
M magnesium chloride; 2 * 10-? m glucose; 0.05 ml. of 0.25 m 
mannitol solution containing 1 mg. per ml. of neutral EDTA; 
3) X 10-3 m phosphoryl-enolpyruvate; 100 ug. of pyruvate kinase; 
d0 ug. of myokinase; the sample of apyrase was diluted in 0.05 m 
Tris buffer, pH 7.4 containing 0.1 per cent serum albumin. 
The assay mixture was incubated 5 minutes at 28°, deproteinized 
with an equal volume of 10 per cent trichloroacetic acid, centri- 
fuged, and an aliquot was taken from the supernatant solution 
for determination of P;. As can be seen from Fig. 1, the assay 
of ATPase in the presence of a regenerating system for ATP is 
proportional over a suitable range of protein concentration. It 
was found to be more quantitative and reproducible than the 
conventional assay with large amounts of ATP. 


Reconstructed Glycolytic Systems 


A crude glycolytic system was used in the experiments re- 
ported in Tables I and II and in Fig. 3. It was composed of 2 
mg. of a fraction obtained by precipitating a rabbit muscle 
extract between 52 and 72 per cent saturation of ammonium 
sulfate supplemented with yeast hexokinase, muscle phospho- 
fructokinase, and crystalline muscle glyceraldehyde 3-phosphate 
dehydrogenase. About 200 mg. of the rabbit muscle fraction in 
8 ml. was dialyzed against 7 1. of 600 ug. per ml. of neutral EDTA 
at 4° before use. 

A purified glycolytic system was reconstructed by combining 
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TABLE I 
Inhibition of respiration by glycolysis 

Each Warburg flask contained in a final volume of 2 ml.: 60 
pmoles of pui-histidine; 20 wmoles of K-glutamate; 50 umoles of 
K-phosphate; 40 umoles of KCl; 50 umoles of glucose; 1 umole of 
ATP; 10 umoles of MgCl.; 1 mg. of DPN; 6 mg. of rat liver mito- 
chondria suspended in 0.2 ml. of 0.25 m sucrose containing 1 mg. 
per ml. of neutral EDTA; and when indicated in the table, 1.2 
units of hexokinase; 1.2 units of phosphofructokinase; 700 ug. of 
glyceraldehyde 3-phosphate dehydrogenase; 2 mg. of dialyzed rab- 
bit muscle fraction precipitated between 52 and 72 per cent am- 
monium sulfate saturation. The final pH was7.4. The mixtures 
were incubated for 30 minutes at 30° and deproteinized by addition 
of 0.5 ml. of 20 per cent perchloric acid. Average of four experi- 
ments. 


Enzyme additions to mitochondria) Oxygen uptake |_ Lactic acid P; esterified 
atoms pmoles umoles 
Hexokinase..... 5.6 11 
Hexokinase + elyeolytic 
enzymes...... 3.4 11 14 
TABLE II 


Release of inhibition by 2,4-dinitrophenol 
Conditions were the same as in Table I except that 1 umole of 
ATP and 5.3 mg. of mitochondria were used and the dinitrophenol 
concentration was 5 X 1075 a. 


Enzyme additions to mitochondria | ne Pj esterified | Lactic acid 
atoms pmoles umoles 
Hexokinase....... 5.7 10.8 
Hexokinase + tie sv 3.45 14.9 10.5 
Hexokinase + dinitrophenol.. 6.7 3.0 
Hexokinase + glycolytic sys- 
tem + dinitrophenol........ 5.5 11.4 12.2 


the following enzymes isolated from either muscle or yeast: hexo- 
kinase, phosphofructokinase, aldolase, glyceraldehyde 3-phos- 
phate dehydrogenase, phosphoglycerate kinase, phosphoglycerate 
mutase, enolase, pyruvate kinase, and lactic dehydrogenase. In 
the presence of a buffer, ATP, DPN, Mgt*, Pi and 2,3-di- 
phosphoglycerate, this system converted fructose to lactic acid. 
When glucose was used as substrate, glucose-6-P isomerase 
was also added. In neither case was triose phosphate isomerase 
added, since it was present as a contaminant of the other gly- 
colytic enzymes. Also, due to cross-contamination of the puri- 
fied enzymes, the glycolytic system was only partly dependent 
upon some of the added components; however, there was almost 
no lactic acid formed when either glyceraldehyde 3-phosphate 
dehydrogenase or phosphofructokinase were omitted. The com- 
position of the enzyme mixture was planned according to that 
in ascites tumor extracts (1) with hexokinase and phosphofructo- 
kinase as the limiting enzymes of the over-all system. All other 
enzymes were added in at least 5- to 10-fold excess over the hexo- 
kinase. However, in some experiments the glyceraldehyde 3- 
phosphate dehydrogenase was made the limiting enzyme of the 
system. Due to the sensitivity of oxidative phosphorylation to 
inhibition by ammonium sulfate, all enzymes except phospho- 
fructokinase were dialyzed before use. The small amounts of 
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OXYGEN UPTAKE (uATOMS) 
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moles ATP/mi 


Fic. 2. Effect of concentration of ATP on mitochondrial res- 
piration. Kach Warburg vessel contained, in a final volume of 2 
ml: 60 umoles of pL-histidine; 20 zmoles of K-glutamate; 50 wmoles 
of K-phosphate; 40 umoles of KC1; 50 wmoles of glucose; 10 umoles 
of MgCl.; 3.6 units of hexokinase; 4.3 mg. of rat liver mitochondria 
suspended in 0.2 ml. of 0.25 M sucrose containing 1 mg. per ml. of 
neutral EDTA. Final pH, 7.4. The mixtures were shaken for 60 
minutes at 30° and deproteinized by addition of 0.5 ml. of 20 per 
cent perchloric acid. 
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Fic. 3. Effect of ATP concentration on the Crabtree effect. 
Conditions were the same as in Table I except that 5.6 mg. of 
mitochondria and ATP in varying concentrations, as shown in the 
figure, were used. The upper curve represents the per cent inhi- 
bition based on oxygen uptake of the mitochondria in’ absence of 
hexokinase as the baseline. The lower curve represents the per 
cent inhibition of respiration based on oxygen uptake of the 
mitochondria in presence of hexokinase as the baseline. 


ammonium sulfate introduced with phosphofructokinase were 
found to have no effect on phosphorylation. 

General Procedures—P; (33), total phosphorus (34), lactate 
(35), hexose monophosphate (a, modification of (36), and 6, (37)), 
fructose-di-P (38), fructose (39, 40), glucose (41), were deter- 
mined as described in the references. Pyruvate was determined 
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with lactic dehydrogenase and DPNH. Protein was determined 
spectrophotometrically (42) or, in the case of mitochondria, 
turbidimetrically (43). 

Mitochondria were prepared from rat liver (44) in 0.25 y 
sucrose or 0.25 m mannitol, both containing 1 mg. per ml. of 
neutral EDTA. 

When respiration was measured, the incubation mixtures were 
shaken in a Warburg respirometer, otherwise the mixtures were 
incubated in test tubes or flasks in a Dubnoff metabolic shaker, 
Anaerobic incubations were performed by flushing the experi- 
mental flasks with prepurified nitrogen (Matheson), after passage 
through an alkaline pyrogallol solution. At the end of the experi- 
ments the mixtures were deproteinized with trichloroacetic acid 
or Ba(OH).-ZnSO, as described in the text. 


RESULTS 


The effect of glycolysis on respiring mitochondria in a cell free 
system was first studied at limiting concentration of adenine 
nucleotides and excess P;. The system contained histidine buffer 
at pH 7.4, glutamate as substrate for oxidative phosphorylation, 
glucose, DPN, Mg**, P;, ATP, and enzymes. Since an ae- 
ceptor system for ATP (glucose and hexokinase) was added in 
all experiments, catalytic amounts of adenine nucleotides were 
used. Fig. 2 represents the oxygen uptake of respiring rat liver 
mitochondria at increasing adenine nucleotide concentrations, 
The ATP concentration at which the respiration is about 20 per 
cent below maximum (3 to 5 X 10-4 M) was chosen for the com- 
petition experiments. This concentration of ATP was also found 
to be limiting for the glycolytic system. 

Inhibition of Respiration by Glycolysis—As can be seen from 
Fig. 2, mitochondrial respiration was very small without added 
ATP. In presence of catalytic amounts of ATP respiration was 
quite appreciable (Table I) even without hexokinase as acceptor 
system. As will be discussed later, ADP was probably regener- 
ated in this system by mitochondrial ATPase. Addition of hexo- 
kinase stimulated respiration further by about 1.5- to 3-fold. 
When the complete glycolytic system was added, respiration was 
decreased almost to the control values in the absence of hexo- 
kinase. Therefore, by applying a correction for control respira- 
tion in the absence of hexokinase and glucose, one can express 
the inhibition of respiration by glycolysis as being close to 100 
per cent. If the per cent inhibition is calculated on basis of the 
respiration in presence of hexokinase and glucose, the data in 
Table I represent an inhibition of about 40 per cent. 

Release of Inhibition by High Concentrations of Adenine N ucleo- 
tides or by 2, 4-dinitrophenol—lIf the observed inhibition of mito- 
chondrial respiration is indeed due to competition between the 
systems of oxidative phosphorylation and glycolysis for limiting 
adenine nucleotides, the inhibition should be released at high 
concentrations of adenine nucleotides. In Fig. 3, the per cent 
of inhibition was calculated on the basis of respiration in the 
presence (lower curve) and absence (upper curve) of hexokinase 
and glucose. It is apparent that the inhibition is released to 3 
large extent at 2 x 10-3 m ATP. The data in Table II show 
that 2,4-dinitrophenol, which uncouples respiration from phos 
phorylation, also releases the inhibition of mitochondrial respira 
tion by glycolysis. The partial inhibition due to the glycolytic 
enzymes which is observed in the presence of dinitrophenol may 
be explained by competition for ADP which is required for sub- 
strate level phosphorylation in the course of the oxidation ¢ 
a-ketoglutarate. 
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TABLE III 


Effect of omission of some glycolytic enzymes on Crabtree 
effect in reconstructed system 


Each Warburg flask contained, in a final volume of 1 ml.: 30 
ymoles of pL-histidine; 20 umoles of K-glutamate; 25 umoles of 
K-phosphate; 20 umoles of KCI; 25 umoles of glucose; 0.3 umole of 
ATP; 5 umoles of MgCl.; 0.5 mg. of DPN, and 5 mg. of rat liver 
mitochondria suspended in 0.1 ml. of 0.25 mM mannitol containing 
} mg. per ml. of neutral EDTA. The complete glycolytic sys- 
tem was composed of the following: 0.5 unit of hexokinase; 1.6 
units of phosphoglucose isomerase; 0.6 unit of phosphofruc- 
tokinase; 4.8 units of aldolase; 5.7 units of glyceraldehyde 3- 
phosphate dehydrogenase; 9.5 units of phosphoglycerate kinase; 
sunits of phosphoglycerate mutase; 4 units of enolase; 3.6 units 
of pyruvate kinase; 9.5 units of lactic dehydrogenase, and 0.05 
umole of 2,3-diphosphoglycerate. The final pH was 7.4. The 
mixtures were incubated for 40 minutes at 28° and deproteinized 
by the addition of 1 ml. of 10 per cent trichloroacetic acid. 


Enzyme additions to mitochondria P 
pe atoms pmoles pmoles 
Hexokinase + phosphofructokinase...| 7.8 12.7 
Glycolytic system.................... 5.25 11 10.5 
Glycolytic system, no phosphofructo- 
Glyeolytic system, no glyceraldehyde 
3-phosphate dehydrogenase......... 9.2 18.2 0.9 
Glycolytic system, no phosphoglycer- 
ate kinase, no pyruvate kinase...... 7.35 16 4.1 


Inhibition of Mitochondrial Respiration by Reconstructed Gly- 
colytic System—Table III shows that similar to the crude muscle 
fraction, the reconstructed system of glycolysis inhibited mito- 
chondrial respiration by about 35 per cent. The inhibition was 
released by omission of certain enzymes, such as phosphofructo- 
kinase, glyceraldehyde 3-phosphate dehydrogenase, or the trans- 
phosphorylating enzymes, phosphoglycerate kinase and pyruvate 
kinase. Due to cross contamination, omission of the transphos- 
phorylating enzymes did not completely abolish glycolysis. 
Nevertheless, the Crabtree effect was eliminated at this reduced 
rate of lactate formation. 

It should be pointed out that it is essential for the success of 
these experiments to dialyze the glycolytic enzymes before use. 
As can be seen from Table IV, as little as 0.025 mM ammonium 
sulfate produced a marked inhibition of mitochondrial respira- 
tion under these conditions. 

Inhibition of Respiration by Creatine Transphosphorylation 
System—From the evidence presented, the inhibition of mito- 
chondrial respiration by glycolysis under the experimental condi- 
tions is due to competition between the two systems for limiting 
concentrations of adenine nucleotides. When the glycolytic 
system was replaced by another system utilizing ADP, such as 
the phosphocreatine-transphosphorylating system, a similar in- 
hibition was observed. In Fig. 4, the mitochondrial respiration 
is plotted against increasing concentrations of ATP-creatine 
transphosphorylase in the presence of excess phosphocreatine. 
Maximal inhibition of respiration was attained at about 50 ug. 
of enzyme. 

Crabtree Effect at Limiting Phosphate Concentrations—The 
above experiments showed that when glycolysis competed ef- 


OXYGEN UPTAKE (4 ATOMS) 


TABLE IV 
Effect of ammonium sulfate on oxidative phosphorylation 
The additions were the same as in Table I except that 0.6 umole 
of ATP, 1.2 units of hexokinase, and ammonium sulfate in varying 
concéntrations were used and the mixtures were incubated for 30 
minutes at 27°. 


Oxygen uptake P:O ratio 
atoms pmoles 
6.65 12 1.8 
1X 10°? M 4.2 15 2.1 
2.5 X 10-2 4.45 8 1.8 
5 X 10°27 M 3.9 7 1.8 
1X 10°'M 3.3 4 1.2 
2.5 107'M 1.7 0.6 0.35 
| 
4 x 
3 \ 
x 
50 100 200 300 400 500 


41g ATP-CREATINE TRANSPHOSPHORYLASE 


Fig. 4. Inhibition of mitochondrial respiration by the phospho- 
creatine-creatine kinase system. Each Warburg flask contained, 
in a final volume of 1 ml.: 30 uwmoles of pL-histidine; 10 wmoles of 
K-glutamate; 25 umoles of K-phosphate; 20 umoles of fructose; 
20 umoles of KC]; 0.5 mg. of DPN; 5 umoles of MgCl.; 0.33 umole 
of ATP; 10 mg. of phosphocreatine; 0.6 unit of hexokinase; 
4.8 mg. of rat liver mitochondria suspended in 0.1 ml. of 0.25 
M mannitol containing 1 mg. per ml. of neutral EDTA and ATP- 
creatine transphosphorylase (creatine kinase) as indicated in 
the figure. The final pH was 7.4. The mixtures were shaken 
for 30 minutes at 27° and deproteinized by addition of 0.5 ml. of 
20 per cent perchloric acid. The oxygen uptake in absence of 
hexokinase was 2.4 pw atoms. 


fectively with oxidative phosphorylation for limiting concen- 
trations of adenine nucleotides, mitochondrial respiration was 
inhibited. A similar inhibition was obtained with limiting con- 
centrations of P; and an excess of adenine nucleotides. Respira- 
tion was measured in the presence of 1 umole of ATP, 10 umoles 
of AMP, and 2 uwmoles of P; per ml. of incubation mixture. In 
the absence of ATPase, the P; was rapidly converted to ATP 
and respiration dropped to a very low rate (Fig. 5). In order 
to regenerate P; from ATP, apyrase was added. Residual 
respiration without added apyrase was probably due to mito- 
chondrial ATPase. This rate of respiration was considerably 
below that observed in the presence of limiting adenine nucleo- 
tides and excess P; (Tables I, II, and III). The difference in 
rates in the presence of limiting P; or ADP is readily explained 
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1 2 3 
APYRASE (UNITS) 


Fic. 5. Effect of apyrase concentration on mitochondrial res- 
piration. Each Warburg flask contained in a final volume of 1 
ml.: 30 wmoles of pL-histidine; 20 umoles of K-glutamate; 0.5 mg. 
of DPN; 1 umole of ATP; 10 wmoles of AMP; 2 uwmoles of phos- 
phate; 20 umoles of glucose; 20 wmoles of 5 umoles of MgCl; 
7 mg. of rat liver mitochondria suspended in 0.1 ml. of 0.25 m 
mannitol containing 1 mg. per ml. of neutral EDTA; 100 ug. of 
myokinase; and apyrase as indicated in the figure. Final pH was 
7.4. The mixtures were shaken for 75 minutes at 28° and depro- 
teinized by the addition of 1 ml. of 10 per cent trichloroacetic acid. 


by the relatively lower affinity of the oxidative phosphorylation 
system for P; than for ADP. 

It is apparent that in the linear portion of the curve in Fig. 5 
the respiration is limited by the concentration of P;, and addition 
of a system that removes P; should inhibit respiration. This is 
demonstrated in Fig. 6. Respiration (Curve A) was stimulated 
about 7-fold by apyrase (Curve B). Addition of a glycolyzing 
system (Curve C) or of hexokinase, phosphoglucose isomerase, 
and phosphofructokinase (Curve D) to the mitochondria inhibited 
respiration markedly. Control experiments with boiled gly- 
colytic enzymes or with all glycolytic enzymes except hexokinase, 
phosphoglucose isomerase, and phosphofructokinase showed no 
inhibition of mitochondrial respiration. The P; concentrations 
after the termination of the experiment was 2.6 uwmoles per ml. 
in Experiment B, and about 0.3 umole per ml. in Experiments 
A, C,and D. In the presence of 2,4-dinitrophenol, the addition 
of the competitive phosphorylating systems was much less in- 
hibitory (Fig. 7). The partial inhibition observed in presence 
of dinitrophenol may be explained by competition for P; which 
is required for substrate level phosphorylation in the course of 
the oxidation of a-ketoglutarate. 

Mitochondrial ATPase—As pointed out above, the residual 
respiration in the presence of catalytic amounts of adenine nucleo- 
tides (Tables I, II, and III) or P; (Figs. 5, 6, and 7) is probably 
due to mitochondrial ATPase. However, freshly prepared 
mitochondria have previously been shown to possess very low 
ATPase activity when measured by release of P; from added 
ATP (45, 46). To simulate the experimental conditions with 
limiting adenine nucleotide concentrations a method of ATPase 
measurement was devised in which ATP was regenerated from 
ADP by pyruvate kinase in the presence of phosphoryl-enol- 
pyruvate. It can be seen from Table V that addition of 3 
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Fic. 6. Crabtree effect with excess ATP and limiting P;. Each 
Warburg flask contained, in a final volume of 0.5 ml.: 15 umoles of 
pDL-histidine; 10 wmoles of K-glutamate; 0.25 mg. of DPN; 0.5 
pmole of ATP; 5 umoles of AMP; 1 umole of phosphate; 10 umoles 
of glucose; 10 wmoles of KCl; 2.5 wmoles of MgCls; 3.5 mg. of 
rat liver mitochondria suspended in 0.5 ml. of 0.25 Mm mannitol 
containing 1 mg. per ml. of neutral EDTA. The other additions, 
as indicated, were 0.67 unit of apyrase; 50 ug. of myokinase; 0.32 
unit of hexokinase; 1.6 units of phosphoglucose isomerase; 0.48 
unit of phosphofructokinase; 4.8 units of aldolase; 4.8 units of 
glyceraldehyde 3-phosphate dehydrogenase; 9.6 units of phospho- 
glycerate kinase; 4.4 units of phosphoglycerate mutase; 4.1 units 
of enolase; 3.7 units of pyruvate kinase; 8 units of lactic dehydro- 
genase, and 0.025 umole of 2,3-diphosphoglycerate. The final 
pH was 7.4. The mixtures were incubated for 65 minutes at 28° 
and deproteinized by the addition of 1 ml. of 10 per cent trichloro- 
acetic acid. Curve A, no apyrase or myokinase added; Curve B, 
apyrase and myokinase added; Curve C, apyrase, myokinase and 
the complete glycolytic system added; Curve D, apyrase, myo- 
kinase, hexokinase, phosphoglucose isomerase, and phosphofruc- 
tokinase added. The final phosphate concentrations were as 
follows: Experiment represented by Curve A: 0.30 umole per ml.; 
Experiment represented by Curve B: 2.6 wymoles per ml.; Experi- 
ment represented by Curve C: 0.3 umole per ml.; Experiment rep- 
resented by Curve D: 0.22 umole per ml. 

In a control containing all glycolytic enzymes except for those 
added in the experiment represented by Curve D, the final P; con- 
centration was 2.2 wmoles per ml. 


umoles of ATP per ml. to a mitochondrial suspension resulted in 
a very slow hydrolysis of ATP. However, in the presence of the 
regenerating system, a marked stimulation of mitochondrial 
ATPase was observed. Both pyruvate kinase and phosphoryl- 
enolpyruvate were required for the elicitation of this phenom- 
enon. Dinitrophenol stimulated ATPase activity in the absence 
as well as in the presence of the regenerating system. Anaerobic 
conditions did not affect the ATPase activity with or without the 
regenerating system. Pyruvate, the end product of the trans- 
phosphorylation had no stimulatory effect on ATPase. Kielley 
and Kielley (48) observed an inhibition of mitochondrial ATPase 
by ADP. It can be seen from Fig. 8 that an inhibition by ADP 
can be demonstrated even in the presence of the transphos- 
phorylating system provided that pyruvate kinase is not added 
in large excess so that the ADP:ATP ratio remains relatively 
high. Addition of small amounts of ADP actually increased 
ATPase activity probably by increasing the effective ATP con- 


| 
25> 
20 |- 
15 
10 
T 
m 
cc 
ki 
C 
fi 
re 
b 
0. 
pe 
of 
ra 
co 
in 
A 
ki 
T 
at 
tri 
rie 
en 
ce} 
fel 
in 


we 


May 1959 S. Gatt and E. Racker 1021 
140} ist 
3 = 
w 80; 
— 
= 
60; 
| 
4 
io 20 30 40 55 ! 
| 2 3 4 5 
MINUTES 
Fic. 7. Dinitrophenol effect at excess ATP and limiting P;. ADP (MOLES) 
The additions were the same as in Fig. 6 except that no apyrase or Bro. & Bifect of ADP on mitechesatal ATPases Back tect 


myokinase was used and the experiment represented by Curve B 
contained 10-4 m dinitrophenol; by Curve D, dinitrophenol, hexo- 
kinase, phosphoglucose isomerase, and phosphofructokinase; and 
Curve C, dinitrophenol and the complete glycolytic system. The 
final phosphate concentrations were as follows: Experiment rep- 
resented by Curve A: 0.3 umole per ml.; Experiment represented 
by Curve B: 1.8 wmoles per ml.; Experiment represented by CurveC: 
0.74 umole per ml.; Experiment represented by Curve D: 0.66 umole 
per ml. 


TABLE V 


Assay of mitochondrial ATPase in presence of 
regenerating system”’ 


Each test tube contained, in a final volume of 0.5 ml.: 20 umoles 
of pL-histidine; 2.5 umoles of MgCl.; 25 wmoles of KCl; 2 mg. of 
rat liver mitochondria suspended in 0.05 ml. of 0.25 m mannitol 
containing 1 mg. per ml. of neutral EDTA; and when indicated 
in the Table the following components were added: 1.5 umoles of 
ATP; 3 uwmoles of phosphoryl-enolpyruvate; 1.5 units of pyruvate 
kinase; 6 wmoles of pyruvate; 0.025 umole of 2,4-dinitrophenol. 
The final pH was 7.4. The mixtures were incubated for 5 minutes 
at 30° and deproteinized by the addition of 0.5 ml. of 10 per cent 
trichloroacetic acid. 


Additions umoles P;/5 min. 
ATP 0.12 (0.12)* 
ATP, PKT 0.1 
ATP, PEP 0.2 
ATP, PK, PEP 0.54 (0.5)* 
PK, PEP 0.03 
ATP, PK, PEP, no mitochondria 0.03 
ATP, pyruvate 0.07 
ATP, DNP 1.15 
ATP, PK, DNP, PEP 2.13 


* The numbers in brackets represent the same experiment car- 
ried out anaerobically. 

+ PK represents pyruvate kinase, PSP represents phosphoryl- 
enolpyruvate, and DNP represents dinitrophenol. 


centration. At higher ADP concentration, the ATPase activity 
fell below that observed without the regenerating system. 

As shown in Fig. 9, satisfactory proportionality was obtained 
in the quantitative test for mitochondrial ATPase in the presence 


tube contained in a final volume of 0.5 ml.: 20 uwmoles of pL-histi- 
dine; 2.5 umoles of MgCl.; 25 umoles of KCl; 1.5 umoles of ATP; 
3 wmoles of phosphoryl-enolpyruvate; 0.1 unit of pyruvate kinase; 
2 mg. of rat liver mitochondria suspended in 0.05 ml. of 0.25 m 
mannitol containing 1 mg. per ml. of neutral EDTA and ADP as 
shown in the figure. The final pH was 7.4. The mixtures were 
incubated for 10 minutes at 30° and deproteinized with 0.5 ml. of 
10 per cent trichloroacetic acid. 
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Fig. 9. Assay of mitochondrial ATPase. Each test tube con- 
tained in a final volume of 0.5 ml.: 20 wmoles of pi-histidine; 2.5 
umoles of MgCl; 25 umoles of KCl; 3 umoles of phosphoryl-enol- 
pyruvate; 1.5 units of pyruvate kinase; either 0.15 or 1.5 umoles of 
ATP and mitochondria suspended in 0.05 ml. of 0.25 Mm mannitol 
containing 1 mg. per ml. of neutral EDTA. The final pH was 7.4. 
The mixtures were incubated for 10 minutes at 30° and deprotein- 
ized with 0.5 ml. of 10 per cent trichloroacetic acid. 


of a transphosphorylating system at 3 10° mand 3 x 10-4 mu 
ATP concentrations provided that less than 2 mg. of mito- 
chondrial protein were used. In contrast, lack of proportionality 
of ATPase activity to mitochondrial concentrations has been 
observed with the conventional assay (46). 


| 
J 
| 


1022 


DISCUSSION 


The experiments presented in this paper demonstrate that a 
Crabtree effect can be obtained when respiration is limited by 
ADP and when a competing system such as glycolysis or creatine 
kinase is added together with the appropriate substrate. Excess 
of adenine nucleotides as well as addition of dinitrophenol re- 
leased the inhibition as might be expected. It is of interest to 
note, however, that the presence of glycolysis itself is not suf- 
ficient to produce a respiratory inhibition. As shown in Table 
III, in spite of a considerable rate of glycolysis (4.1 uwmoles of 
lactate), no inhibition of oxygen uptake was observed in the 
experiment in which the transphosphorylating enzymes of gly- 
colysis were limiting. Thus it appears that the competitors for 
ADP must be present in excess to permit respiratory control. 
The remarkably high activity of transphosphorylating enzymes 
in ascites tumor cells (1) may thus contribute to the phenomenon 
of high aerobic glycolysis and may also help to explain why the 
Crabtree effect is so readily demonstrable in tumor tissue. 

A Crabtree effect was also observed in the reconstructed system 
when P; was made the limiting factor of respiration, provided 
ATPase was added in suitable amounts. In connection with 
the studies on the influence of ATPase activity on respiration 
and glycolysis, the observation was made that appreciable 
ATPase activity can be demonstrated in freshly prepared mito- 
chondria when an ATP-regenerating system was used in the 
assay. The presence of ATPase readily explains why mito- 
chondria respire to some extent on addition of catalytic amounts 
of adenine nucleotides without a hexokinase acceptor system. 
On the other hand, without added ATP the mitochondria show 
almost no respiration and are in this sense “tightly coupled.” 
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This is somewhat surprising in view of the presence of adenine 
nucleotides in washed mitochondria (47). 

The presence of a mitochondrial ATPase which is inhibited by 
ADP (48) provides an attractive mechanism of regulation. It 
ean be visualized that in intact cells, even under conditions of 
insufficient ADP availability, a limited oxidation of carbohy- 
drates due to ATPase activity may permit the formation of 
essential metabolites such as glutamate or succinyl-CoA. 


SUMMARY 


1. A reconstructed system of purified glycolytic enzymes 
which catalyzed lactate formation from glucose is described. 
This system was used to study the inhibition of respiration by 
glycolysis (Crabtree effect). 

2. With limiting adenosine diphosphate concentrations mito- 
chondrial respiration was inhibited by the addition of the 
glycolytic system and glucose. Either dinitrophenol or excess 
adenine nucleotides released the inhibition of oxygen uptake. 
Mitochondrial respiration was also inhibited on addition of 
phosphocreatine and creatine kinase. 

3. With limiting inorganic phosphate concentration a Crab- 
tree effect was observed provided that suitable amounts of adeno- 
sine triphosphatase were added to maintain respiration. 

4. A new method for measuring adenosine triphosphatase is 
described. The procedure differs from the conventional assay 
in that accumulation of adenosine diphosphate is prevented by 
an adenosine triphosphate regeneration system (e.g. phosphoryl- 
enolpyruvate with pyruvate kinase). This procedure gives con- 
siderably higher activity values and represents a more dependable 
assay of mitochondrial adenosine triphosphatase. 
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In the preceding paper (1) evidence was presented showing 
that mitochondrial respiration is inhibited in the presence of gly- 
colysis because of a competition between the two systems for 
limiting concentrations of adenosine diphosphate or inorganic 
phosphate. This competition should result not only in an in- 
hibition of respiration by glycolysis, but also in an inhibition of 
glycolysis by respiring mitochondria. 

In this paper Pasteur effects will be demonstrated in recon- 
structed systems in which adenosine diphos; hate, inorganic phos- 
phate or both were made limiting factors. 

Materials and methods were the same as in the preceding pa- 


per (1). 
RESULTS 


Pasteur Effect with Limiting ADP—The experiments shown in 
Table I were carried out in the presence of excess P;! and limiting 
concentrations of adenine nucleotides. It can be seen that gly- 
colysis, as measured by the formation of lactic acid, is partially 
inhibited in the presence of respiring mitochondria. If one ecal- 
culates the Meyerhof oxidation quotient by substituting gly- 
colysis in the absence of mitochondria for anaerobic glycolysis, 
and glycolysis in the presence of respiring mitochondria for aero- 
bie glycolysis, a value of 3.3 is obtained. 

Since both glycolysis and respiration are inhibited in the pres- 
ence of each other, the relative magnitude of the two effects at 
various mitochondrial concentrations was studied. Representa- 
tive data are given in Table II. With 5.5 mg. of mitochondrial 
protein there was a marked inhibition of respiration in the pres- 
ence of the glycolytic system. However, when 10 mg. of mito- 
chondrial protein were used, addition of the same glycolytic sys- 
tem resulted in no inhibition of respiration. Inversely, inhibition 
of lactate production by respiration in the presence of 5.5 mg. of 
mitochondrial protein was only 13 per cent, while with 10 mg. of 
mitochondrial protein it was about 80 per cent. 

The suppression of formation of 5.8 wmoles of lactate was ac- 
counted for by the accumulation of phosphate esters, mainly 


* This work was supported in part by Grant No. 3463 from The 
National Institutes of Health, United States hems F Health Serv- 
ice, Bethesda, Maryland, and in part by a grant'from the Jane 
Coffin Childs Memorial Fund for Medical Research, New Haven, 
Connecticut. 

Tt Fellow of the Jane Coffin Childs Memorial Fund for Medical 
Research. Present address, Department of Biochemistry, Hadas- 
sah-Hebrew University School of Medicine, Jerusalem, Israel. 

abbreviations used are: P;, inorganic phosphate; fructose- 
di-P, fructose 1,6-diphosphate; K DTA, ethyvlenediaminetetraace- 
tate. 


fructose-di-P. The accumulation of this ester can be readily 
understood since the oxidation of glyceraldehyde 3-phosphate to 
3-phosphoglycerate requires the participation of ADP. Compet- 
itive removal of ADP therefore results in an accumulation of 
triose phosphates and fructose-di-P, the latter predominating be- 
cause of the equilibrium position of the aldolase catalyzed reac- 
tion. As can be seen from Column 4 of Table II, even in the 
presence of 10 mg. of mitochondrial protein the uptake of hexose 
was not inhibited. This can be understood since ATP produced 
during mitochondrial respiration is readily available for hexo- 
kinase. 

Pasteur Effect with Limiting P:—Glycolysis leads to the net 
esterification of 1 mole of P; per mole of lactate formed. Since 
glycolysis is dependent upon P;, lactate formation soon ceases 
with limiting P; unless regeneration of P; is assured by addition 
of ATPase. 

In Fig. 1 lactate formation in a reconstructed system of gly- 
colysis was plotted against increasing amounts of added apyrase. 
At low apyrase concentrations a stimulation and at high concen- 
trations an inhibition of glycolysis was observed. The stimula- 
tion can be explained by the increased supply of P; for the glyc- 
eraldehyde 3-phosphate dehydrogenase reaction. However, if 
added in excess, the apyrase competes effectively with the hexo- 
kinase and phosphofructokinase for ATP, and glycolysis is thus 
inhibited. 

In order to study the effect of respiring mitochondria on gly- 
colysis at low P; concentrations, the glycolytic system was in- 
cubated with and without mitochondria in the presence of in- 
creasing concentrations of apyrase. It can be seen from Fig. 2 
that the presence of mitochondria resulted in a pronounced inhi- 
bition of lactate formation (as well as glucose uptake) only within 
a narrow range of apyrase (0.06 to 0.1 unit). With excess apy- 
rase, glycolysis was in fact greater in the presence than in the 
absence of mitochondria due to the maintenance of a higher ATP 
level by the mitochondria. 

Further study of the inhibition of glycolysis revealed that at 
optimal apyrase concentrations the level of P; was maintained in 
the absence but not in the presence of mitochondria (Table ITI). 
The marked inhibition (70 per cent) of lactate formation as well 
as a suppression (40 per cent) of glucose utilization in the pres- 
ence of mitochondria, shown in Table III, can be readily under- 
stood, since both glyceraldehyde 3-phosphate oxidation and oxi- 
dative phosphorylation require P;. On depletion of Pj, the 
regeneration of ATP and therefore the utilization of glucose is 
also suppressed. 

In order to evaluate the kinetic aspects of this phenomenon, 
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TABLE I 


Pasteur effect in reconstructed system with 
limiting adenine nucleotides 


Each Warburg vessel contained in a final volume of 1 ml.: 30 
ymoles of pL-histidine; 10 umoles of K-glutamate; 25 umoles of 
K-phosphate; 20 pmoles of KCl; 20 umoles of fructose; 0.5 mg. of 
DPN; 0.3 umole of ATP; 5 umoles of MgCls; 0.25 unit of hexo- 
kinase (assayed with glucose as substrate); 0.6 unit of phos- 
phofructokinase; 3.2 units of aldolase; 4.8 units of glyceraldehyde 
3-phosphate dehydrogenase; 12.5 units of phosphoglycerate ki- 
nase; 2.7 units of phosphoglycerate mutase; 8.8 units of enolase; 
3.8 units of pyruvate kinase; 8.7 units of lactic dehydrogenase; 
and 0.05 pmole of 2,3-diphosphoglycerate. The vessel which was 
incubated in the presence of mitochondria contained 7.2 mg. of 
mitochondrial protein suspended in 0.1 ml. of 0.25 m mannitol 
containing 1 mg. per ml. of neutral EDTA. The final pH was 7.4. 
The mixtures were shaken for 30 minutes at 27° and deproteinized 
by the addition of 1 ml. of 10 per cent trichloroacetic acid. Av- 
erage of 5 experiments. 


| 


— uptake! Lactic acid 


atoms pmoles 
Glycolytie system, no mitochondria. .... 8.9 
Glyeolytic system with mitochondria. . 5.9 5.6 


the utilization of glucose, the formation of lactate and the level 
of P; were determined at various time intervals. The following 
experiment (Fig. 3) was carried out in the presence of excess 
adenine nucleotides and limiting P;. Optimal concentrations of 
apyrase were added which maintained the P; level during glycol- 
ysis and permitted continuous glucose utilization and lactate 
production at a rapid rate. However in the presence of mito- 
chondria glycolysis ceased after about 15 minutes at the time P; 
was depleted. The glucose utilization in the first 15 minutes 
was slower in the absence of mitochondria than im their presence. 
This is probably due to a slower regeneration of ATP in the ab- 
sence of oxidative phosphorylation. 

A similar experiment in which both P; and adenine nucleotides 
were limiting is presented in Fig. 4. At low concentrations of 
adenine nucleotides it was more difficult to maintain a steady 
state concentration of P; even in the absence of mitochondria. 
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Fic. 1. Effect of apyrase on glycolysis. Each test tube con- 
tained in a final volume of 0.5 ml.: 15 umoles of pi-histidine; 0.25 
umole of K-fumarate; 0.25 mg. of DPN; 12 umoles of fructose; 
10 umoles of KCI; 0.15 umole of ATP; 2.5 umoles of MgCl; 0.3 
or 3 umoles of phosphate; 0.12 unit of hexokinase (assayed with 
glucose as substrate); 0.3 unit of phosphofructokinase; 2.4 units 
of aldolase; 2.4 units of glyceraldehyde 3-phosphate dehydrogen- 
ase; + units of phosphoglycerate kinase; 2 units of phosphoglycer- 
ate mutase; 2 units of enolase; 1.85 units of pyruvate kinase; 4 
units of lactic dehydrogenase; 50 ug. of myokinase; 0.025 umole of 
2,3-diphosphoglycerate and apyrase in varying amounts as shown 
in the figure. The final pH was 7.4. The mixtures were incu- 
bated for 30 minutes at 27° and deproteinized by the addition of 
0.5 ml. of 10 per cent trichloroacetic acid. 


0.25 


It can be seen, however, that the P; was depleted more rapidly 
from the medium in the presence of mitochondria. Once the 
phosphate concentration fell below 0.3 umole per ml. both glu- 
cose uptake and lactate formation ceased. At a phosphate con- 
centration above 0.3 umole per ml. the rate of lactate formation 
was about the same in both systems. The glucose uptake in the 
presence of glycolysis alone was subject to a lag which was prob- 
ably due to slower regeneration of ATP. Since the phosphate 
concentration fell below 0.3 umole per ml. in about 15 minutes 
in the presence of mitochondria and in about 40 minutes in their 


TaBLeE II 
Interrelation between Crabtree and Pasteur effects 
The additions were the same as in Table I except that 4.8 units of aldolase; 14.3 units of phosphoglycerate kinase; 4 units of phos- 
phoglycerate mutase; 4 units of enolase; and 14.3 units of lactic dehydrogenase were used. 5.5 mg. or 10 mg. of mitochondria suspended 
in 0.1 ml. of 0.25 M mannitol containing 1 mg. per ml. of neutral EDTA were used. 


Additions Oxygen uptake d Lactate yo | Fructose-di-P* 
atoms moles pmoles pumoles | pmoles pmoles 
Mitochondria (5.5 mg.)................... 3.8 | 
Mitochondria + hexokinase + phospho- | 

8 13.5 7.3 | 5.2 0.5 1 
Mitochondria + complete glycolysis... .. 5.5 11.7 6.0 10.8 | 33 2.0 
Complete glycolysis (no mitochondria). . . 8.6 6.9 10.6 2.2 3.3 
Mitochondria (10 mg.)..................- 6.1 | 1.5 
Mitochondria + hexokinase + phospho- | | 

| 10 | 14 73 5.7 0.5 
Mitochondria + complete glycolysis. .... i 10.7 | 16.5 1.7 10.9 6.3 1.0 3.3 
Complete glycolysis (no mitochondria)... | 11.2 | 7.5 11.3 2.5 2.2 


* Values for fructose-di-P include also dihydroxyacetone phosphate. 
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Fic. 2. Pasteur effect at various apyrase concentrations. Ad- 
ditions were the same as in Fig. 1 except that 0.3 umole of phos- 
phate was used and each test tube contained either 0.05 ml. of 
0.25 M mannitol containing | mg. per ml. of neutral EDTA or 5.5 
mg. mitochondrial protein suspended in this medium. The mix- 
tures were incubated for 50 minutes at 28° and deproteinized by 
the addition of 1 ml. of 0.3 Nn Ba(OH)» and 1 mi. of 0.3 x ZnSOsg. 


TaBLeE III 

Effect of P; depletion on lactate accumulation and glucose uptake 

Each test tube contained, in a final volume of 1 ml.: 30 zmoles 
of put-histidine; 0.5 wmole of fumarate; 0.6 wmole of phosphate; 
0.3 umole of ATP; 0.5 mg. of DPN; 20 umoles of KCl; 7 umoles of 
glucose; 5 wmoles of MgCl:; 0.05 umole of 2,3-diphosphoglycerate; 
0.5 unit of hexokinase; 0.8 unit of phosphoglucose isomerase; 0.6 
unit of phosphofructokinase; 4.8 units of aldolase; 4.8 units of 
glyceraldehyde 3-phosphate dehydrogenase; 8 units of phospho- 
glycerate kinase; 3.5 units of phosphoglycerate mutase; 4.1 units 
of enolase; 3.6 units of pyruvate kinase; 8 units of lactic dehy- 
drogenase; 100 wg. of myokinase; 0.16 unit of apyrase; and 0.1 ml. 
of 0.25 mM mannitol containing 1 mg. per ml. of neutral EDTA or 8 
mg. of mitochondrial protein suspended in the same medium. The 
final pH was 7.4. The test tubes were incubated for 50 minutes 
at 28° and deproteinized by the addition of 1 ml. of 10 per cent tri- 
chloroacetice acid (for determination of P;) or 1 ml. of 0.3 N Ba- 
(OH)s and 1 mi. of 0.8 x ZnSO, (for determination of glucose and 


lactate). 


actate ‘Glucose! on on A 
lactate | glucose 
pmoles | umoles | pmoles | pmoles % % 
Glycolytic system. ..... 0.77 | 0.95 | 4.0 | 2.3 
Glycolytic system + | . 
mitochondria. . . 0.81 | 0.16 | tis 70 40 


absence, the final result was a pronounced inhibition of lactate 
formation (89 per cent) and of glucose uptake (55 per cent) after 
40 minutes of incubation. 

An attempt was made to demonstrate a Pasteur effect by 
measuring glycolysis under aerobic and anaerobic conditions 
making use of the mitochondrial ATPase for the regeneration of 
ADP and P;. Since under aerobic conditions the ATPase ac- 
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Fic. 3. Kinetics of the glycolytic system at high adenine nu- 
cleotides and low phosphate in presence and absence of mito- 
chondria. Two flasks contained each in a final volume of 5.5 ml: 
165 umoles of pi-histidine; 110 zmoles of K-glutamate; 2.75 mg. of 
DPN; 16.5 umoles of ATP; 110 wmoles of KCI; 110 uwmoles of 
glucose; 33 wmoles of K-phosphate; 27.5 wmoles of MgCl; 5.3 
units of hexokinase; 17.7 units of phosphoglucose isomerase; 7.1 
units of phosphofructokinase; 52.5 units of aldolase; 11 units of 
glyceraldehyde 3-phosphate dehydrogenase; 105 units of phospho- 
glycerate kinase; 45 units of phosphoglycerate mutase; 45 units of 
enolase; 40 units of pyruvate kinase; 87 units of lactic dehydro- 
genase; 2.6 units of apyrase; 550 wg. of myokinase; 0.275 umole ol 
2,3-diphosphoglycerate and 0.55 ml. of 0.25 mM mannitol containing 
1 mg. per ml. of neutral EDTA or 85 mg. of mitochondria sus- 
pended in the same medium. The final pH was 7.4. The flasks 
were incubated at 28° and at the times specified in the figure, 0.2 
ml. of the reaction mixtures were pipetted into (a) 1 ml. of 10 per 
cent trichloroacetic acid and (b) 1 ml. of Ba(OH). (1 ml. of 0.3 N 
ZnSO, was then added). The values are reported for 1 ml. of 
incubation mixture and were corrected for evaporation. 


tivity would be counterbalanced by oxidative phosphorylation in 
the presence of a substrate for respiration, a more rapid depletion 
of P; was to be expected aerobically. This was found to be the 
case, as shown in Fig. 5. Preliminary experiments established 
that the optimal concentration of mitochondrial ATPase for 
anaerobic glycolysis was about 1.9 mg. protein per ml. Under 
these conditions there was a more rapid depletion of P; aerobi- 
cally and a concomitant depression of final lactate formation. 
However, since there was a lag of glucose uptake under nitrogen, 
no inhibition of aerobic glucose utilization was obtained in this 


experiment. 
DISCUSSION 


Two types of Pasteur effects have been demonstrated in recon- 
structed systems, one with limiting adenine nucleotides, the sec- 
ond with limiting P;. A competition between glycolysis and 
mitochondrial respiration for adenine nucleotides resulted in an 
inhibition of lactate production but the uptake of hexose re- 
mained unimpaired. This can be readily explained by the avail- 
ability of excess ATP for hexokinase in contrast to the competi- 
tive utilization of ADP by both the glycolytic system and by 
the mitochondrial system. 

With limiting P; or with both P; and adenine nucleotides at 
limiting concentrations there was an inhibition of both lactate 
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Fig. 4. Kinetics of the glycolytic system at low adenine nucleotides and phosphate in the presence and absence of mitochondria. 
[wo flasks contained each in a final volume of 5.5 ml.: 165 wmoles of pi-histidine; 110 wmoles of K-glutamate; 2.75 mg. of DPN; 1.65 
umoles of ATP; 110 umoles of KCI1; 88 uwmoles of glucose; 33 wmoles of K-phosphate; 27.5 wymoles of MgCl.; 2.6 units of hexokinase; 
4.4 units of phosphoglucose isomerase; 3.3 units of phosphofructokinase; 26 units of aldolase; 26 units of glyceraldehyde 3-phosphate 
dehydrogenase; 52 units of phosphoglycerate kinase; 23 units of phosphoglycerate mutase; 21 units of enolase; 20 units of pyruvate 
kinase; 44 units of lactic dehydrogenase; 550 ug. of mvokinase; 0.61 unit of apyrase; 0.275 umole of 2,3-diphosphoglycerate and 0.55 ml. 
of 0.25 mM mannitol containing 1 mg. per ml. of neutral EDTA or 97.5 mg. mitochondrial protein suspended in the same medium. The 


final pH was 7.4. 


The flasks were shaken at 28° and at the times specified in the figure, 0.2 ml. of the reaction mixtures was pipetted 
into (a) 1 ml. of 10 per cent trichloroacetic acid and (b) 1 ml. of 0.3 N Ba(OH).; then 1 ml. of 0.3 N ZnSO, was added. 


The values are 


reported for 1 ml. of incubation mixture and were corrected for evaporation. 
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Fic. 5. Pasteur effect under aerobic and anaerobic conditions 
in the reconstructed system. Two flasks contained each in a final 
volume of 4.5 ml.: 135 wmoles of piL-histidine; 90 wmoles of glu- 
tamate; 2.25 mg. of DPN; 1.35 umoles of ATP; 90 umoles of KCl, 
45 umoles of glucose; 31.5 umoles of K-phosphate; 22.5 umoles 
of MgCl.; 2.1 units of hexokinase; 3.6 units of phosphoglucose 
isomerase; 2.7 units of phosphofructokinase; 21 units of aldolase; 
21 units of glyceraldehyde 3-phosphate dehydrogenase; 43 units 


formation and glucose uptake. This system required addition 
of ATPase in a rather narrow range of activity, since an excess 
of this enzyme inhibited glycolysis by eliminating ATP, while a 
deficiency in ATPase failed to provide the maintenance of an 
adequate level of P; and resulted in accumulation of fructose- 
di-P (Harden-Young effect). The inhibition of glycolysis set in 
when the P; levels fell below 0.3 to 0.5 umole per ml. It should 
be pointed out that this level is considerably below that found 
intracellularly in ascites tumor cells under aerobic conditions, 
and in fact is well below the Michaelis constant of glyceralde- 
hyde 3-phosphate dehydrogenase. An explanation for this ap- 
parent increase in efficiency of phosphate utilization in the multi- 
enzyme system can be sought in the fact that glyceraldehyde 
3-phosphate dehydrogenase was present in rather large excess so 
that it supported the over-all glycolytic rate although only a frac- 
tion of its potential activity was utilized at low P; concentrations. 

It is apparent from the above findings that several aspects of 
the mitochondrial inhibition of glycolysis do not conform to the 
Pasteur effect as observed in intact cells. An inhibition of lactic 


of phosphoglycerate kinase; 16 units of phosphoglycerate mutase; 
17 units of enolase; 16.5 units of pyruvate kinase; 36 units of 
lactie dehydrogenase; 450 wg. of myokinase; 0.225' umole of 2,3- 
diphosphoglvcerate, and 8.5 mg. mitochondrial protein sus- 
pended in 0.45 ml. of 0.25 Mm mannitol containing 1 mg. per ml. of 
neutral EDTA. The final pH was 7.4. The flasks were incubated 
at 28°; one flask was aerated with air and the other with nitrogen 
(prepurified, passed through an alkaline pyrogallol solution). At 
the times specified in the figure 0.2 ml. of the reaction mixtures was 
pipetted into (a) 1 ml. of 10 per cent trichloroacetic acid and (6) 
1 ml. of 0.3 x Ba(OH).2; then 1 ml. of 0.8 N ZnSO, was added. The 
values are reported for 1 ml. of incubation mixture and were cor- 
rected for evaporation. 
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acid formation without effect on hexose utilization resembles 
more a Harden-Young than a Pasteur effect. The inhibition of 
glucose utilization at limiting P; levels does resemble the Pasteur 
effect qualitatively but the critical P; level is considerably lower 
that that found in trichloroacetic acid extracts of ascites tumor 
cells. 

These experiments are also quite different from those of Aisen- 
berg et al. (2, 3) who used a brain extract as a glycolytic system. 
Their suggestion that the phosphofructokinase step is inhibited 
by mitochondria is not applicable to the experiments reported 
here. It can be seen from Table II that fructose-di-P formation 
takes place in the presence of mitochondria. In fact, it appears 
that phosphofructokinase functions more efficiently in the pres- 
ence of mitochondria. 

In view of the above consideration it should be emphasized 
that the reconstructed systems which exhibit Pasteur effects or 
Crabtree effects serve only as model systems which permit con- 
trol and variation of the individual components of the competing 
systems. They serve as excellent material for the study of multi- 
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enzyme systems and their interactions. It remains to elucidate 
the true Pasteur effect where it was first observed, in cells. 


SUMMARY 


1. Pasteur effects have been observed in reconstructed systems 
consisting of purified enzymes of the glycolytic system and of 
respiring mitochondria. 

2. With limiting adenine nucleotide concentrations and excess 
inorganic phosphate, addition of mitochondria to a glycolyzing 
system resulted in a pronounced inhibition of lactic acid produc- 
tion. However glucose utilization was unimpaired and fructose 
1 ,6-diphosphate accumulated. 

3. With limiting inorganic phosphate concentrations adenosine 
triphosphatase had to be added to maintain respiration and 
glycolysis. Under these conditions mitochondrial phosphoryla- 
tion resulted in a more rapid depletion of inorganic phosphate, 
and both glucose uptake and lactic acid production ceased when 
a critical level of phosphate concentration was reached. 

4. The differences between Pasteur effects in reconstructed 
systems and in intact cells are discussed. 
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The rate of glucose utilization by cells is known to be influ- 
enced by various environmental factors. The effects of hor- 
mones, such as insulin, and of drugs, such as 2,4-dinitrophenol, 
on carbohydrate metabolism have received considerable at- 
tention. A vast amount of literature has accumulated on the 
suppression of fermentation in the presence of air. However, 
information on the intracellular pacemakers of carbohydrate 
metabolism is rather scant. Some of the pertinent work on 
this problem will be reviewed, together with the Pasteur effect 
and the Crabtree effect, in the following paper (1). 

It is the purpose of this paper to report studies on the rate- 
limiting factors in glycolysis of Ehrlich ascites tumor cells. 
These cells were chosen because of their high rate of glycolysis 
and because of advantages in the use of cell suspensions for such 
studies. Moreover, preliminary studies on the mechanism of 
the Pasteur effect (2) in these cells made it desirable to obtain 
data on the rate-limiting factors under various experimental con- 


ditions. 
EXPERIMENTAL 


Materials and Methods 


Cells and Media—Fhrliich tetraploid ascites tumor cells' were 
maintained by weekly intraperitoneal inoculations of 0.2 ml. of 
ascites fluid into Ha/ICR strain Swiss Albino mice? weighing 
about 25 gm. Ascites fluids were harvested 7 to 10 days after 
inoculation. The cell suspension was diluted with 4 volumes of 
cold wash medium (Tris,? pH 7.4, 0.01 mM; potassium phosphate, 
pH 7.4,4 & 10-3 mM; and NaCl, 0.14 mM) immediately after aspira- 
tion of the ascites fluid from the mouse to avoid coagulation. 
Pooled cell suspensions were then centrifuged at 1200 x g for 5 
minutes at 2°, the supernatant fluid was discarded, and the cells 
were resuspended in about 10 volumes of wash medium. The 


* This work was supported by Grant No. C-3463 from the Na- 
tional Institutes of Health, United States Public Health Service, 
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''The Ehrlich ascites tumor cells used for initial inoculations 
were kindly supplied by Dr. H. Koprowski. 

?The mice were purchased from Millerton Research Farms, 
Millerton, New Jersey. 

3The abbreviations used are: Tris, tris(hvdroxvymethy])amino- 
methane; P;, inorganie orthophosphate; 2-PGA, 3-PGA, and 2,3- 
di-PGA, 2-phosphoglycerate, 3-phosphoglycerate, and 2,3-diphos- 
phoglycerate; G-3-P, glyceraldehyde 3-phosphate; fructose-di-P, 
fructose 1,6-diphosphate; LAA, iodoacetate; EDTA, ethylenedi- 
aminetetraacetate. 


presence of 4 X 10-3 m of phosphate in the wash medium mini- 
mized the loss of P; from the cells. Centrifugation and washing 
were repeated once as above, and once more with 10 volumes of 
the incubation medium described below. A ml. of packed cells 
(centrifuged at 1200 x g for 15 minutes) corrected for trapped 
medium as determined by raffinose space (3) contains 0.14 gm. 
of protein and 0.19 gm. of dry weight (and therefore approxi- 
mately 0.81 ml. of intracellular water). The intracellular con- 
centration of a compound was expressed as umoles per ml. of 
packed cells divided by 0.81. 

Respiration and glycolysis were measured, unless stated other- 
wise, by incubating the washed cells (20 to 40 mg. of protein) in 
a final volume of 2 ml. for 30 minutes at 30° with shaking in the 
incubation medium of the following composition: Tris, pH 7.4, 
4 X 10°-* M; potassium phosphate buffer, pH 7.4, 4 « 10-3 
NaCl, 8.8 10-2? Mm; KCl, 2 10-2 mM; and MgCl., 2 « 10-3 mM. 
At the end of most of the experiments, one-fourth of the reaction 
mixture was deproteinized with Ba(OH).-ZnSO, for glucose de- 
termination; another fourth was deproteinized with CuSO, for 
lactic acid determination. The cells of the remaining suspension 
were washed once with 10 volumes of ice-cold buffer (Tris, pH 
7.4, 0.01 a; NaCl, 0.14 m) for most of the experiments and washed 
twice for experiments when high phosphate concentrations or P%2 
were used. The packed cells were deproteinized by the addition 
of 2 ml. of 8 per cent perchloric acid and the mixture was centri- 
fuged. An aliquot of the supernatant solution was used for de- 
termination of orthophosphate and the remaining solution was 
neutralized with 1 N KOH and the potassium perchlorate re- 
moved by centrifugation. The neutralized supernatant solution 
was used for the determination of adenine nucleotides and phos- 
phorylated intermediates. 

Reagents—v-3-PGA was prepared from yeast as crystalline 
monobarium salt (4, 5). The preparation was free from 2-PGA 
but contained a small amout of 2,3-di-PGA. As a source of di- 
hydroxyacetone phosphate, an equilibrium mixture prepared 
from fructose-di-P in the presence of aldolase and G-3-P isom- 
erase was used. All the compounds were converted to potas- 
sium salts and neutralized to pH 7.4. Sources of other reagents 
and preparation of glycolytic enzymes are described in the pre- 
ceding paper (6). 

Determinations of Substrates, Products, and Intermediates—De- 
termination of inorganic phosphate (7, 8), glucose (9), lactic acid 
(10), and the separation of P; and organic phosphate compounds 
(11) was earried out as described in the references. Hexose di- 
phosphate and hexose monophosphates were assayed spectro- 
photometrically (12). Instead of crude enzyme fractions, 5 ug. 
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of crystalline a-glycerophosphate dehydrogenase and G-3-P iso- 
merase, 0.2 unit of aldolase, and 0.2 unit of phosphofructokinase 
were used. Glucose-6-P was determined with glucose-6-P dehy- 
drogenase (13). AMP, ADP, and ATP were determined spec- 
trophotometrically (14) with adenvlic deaminase (15) and with 
myokinase and hexokinase. ADP was also determined in the 
presence of phosphoryl-enolpyruvate, pyruvate kinase, and lactic 
dehydrogenase (16). Protein was determined either colorimet- 
rically (17) or turbidimetrically (18). 

Assay of Enzymes—All the glycolytic enzymes were assayed 
spectrophotometrically in a l-ml. Beckman cuvette at 26°. In 
order that all enzyme activities may be compared on the same 
basis, 5 X 10-2 m Tris buffer, pH 7.4, was used for all the assays. 
To insure the validity of the quantitative determination of en- 
zymes in the crude extracts or mitochondrial fractions, known 
amounts of purified enzyme were added to the same assay mixture 
at the end of each assay to determine, the recovery. <A unit of 
enzyme activity is defined as the turnover of 1 wmole of substrate 
per minute. 

Hexokinase was assayed in a system (19) which contained Tris 
buffer, pH 7.4, 5 10° Mm; DPNH, 1 X 10-*m; MgCh, 6 x 
m; ATP, 2 X M; glucose, 8 X M; 52 to 72 per cent 
ammonium sulfate fraction of rabbit muscle, about 0.3 mg. of 
protein; phosphofructokinase, 0.2 unit; and glass distilled water 
to bring the final volume to 1 ml. Density readings at 340 my 
were made at 11-minute intervals for 4 minutes. 

Glucose-6-P isomerase was assayed either colorimetrically (20), 
with glucose-6-P as substrate, or spectrophotometrically with 
fructose-6-P and a preparation of glucose-6-P dehydrogenase free 
from glucose-6-P isomerase (13). The latter assay system con- 
tained Tris buffer, pH 7.4, 5 10°? mM; TPN, 1.5 107-4 M; 
MgCl, 2 fructose-6-P, 2 mM; and glucose-6-P 
dehydrogenase, 0.2 unit. 

Phosphofructokinase was assayed in a system (19) which con- 
tained Tris buffer, DPNH, MgCl., and ATP at the same con- 
centrations used in the hexokinase assay; fructose-6-P, 1 x 10-° 
mM; acid treated 52 to 72 per cent ammonium sulfate fraction of 
rabbit muscle, 0.3 mg. protein (6). In more recent experiments 
the crude muscle fraction was replaced by 5 wg. of mixed crystals 
of a-glycerophosphate dehydrogenase and G-3-P isomerase and 
0.3 unit of aldolase. 

Aldolase was assayed either with a-glycerophosphate dehy- 
drogenase, which was free from G-3-P isomerase, yielding 1 
equivalent of DPNH oxidized per fructose-di-P, or with a mix- 
ture of a-glycerophosphate dehydrogenase and G-3-P isomerase 
yielding 2 equivalents of DPNH oxidized per fructose-di-P. 
The assay mixture contained Tris buffer, pH 7.4, 5 x 10° M; 
DPNH, 1 10-4 fructose-di-P, 2 107° and 3 ug. of 
a-glycerophosphate dehydrogenase or 5 wg. of mixed crystals of 
a-glycerophosphate dehydrogenase and G-3-P isomerase. 

a-Glycerophosphate dehydrogenase was assayed (21) in the 
presence of Tris buffer, pH 7.4, 5 x 10°? mM; DPNH, 1 x 10-4 
mM; dihydroxyacetone phosphate 5 x 10-4 mM. Readings were 
taken at 340 my at 15-second intervals for 1 minute. 

G-3-P isomerase was assayed (22) in the forward direction of 
dihydroxyacetone phosphate — G-3-P. The assay mixture con- 
tained Tris buffer, pH 7.4, 5 K 10-2 Mm; DPN, 3 X 10-4 M; 
arsenate, 1.5 10-2 Mm; EDTA, 1 mM; dihydroxyacetone 
phosphate, 5 & 10-4 M; and 7-times recrystallized muscle G-3-P 
dehydrogenase, 0.2 unit. The enzyme to be tested was added 
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after the small amount of G-3-P present in the dihydroxyacetone 
phosphate preparation was oxidized. 

G-3-P dehydrogenase was assayed from both directions of the 
reaction. The assay mixture of the forward reaction (23), 
G-3-P — 3-PGA, contained Tris buffer, pH 7.4, 5 xX 10° ; 
DPN, 3 X M; arsenate, 1.5 10°? mM; EDTA, 1 X 10-3 
M; fructose-di-P, 2 & 10°-% mM; and aldolase, 0.2 unit. The 
change of absorption at 340 my was recorded between 15 and 45 
seconds. The assay of the back reaction, 3-PGA — G-3-P, was 
coupled with 3-PGA kinase (24) with a system containing Tris 
buffer, pH _7.4,5 10-?°m; DPNH,1 10-*m; MgCl, 9 x 107 
M; ATP, 3 3-PGA, 5 mM; and 3-PGA kinase, 
0.6 unit. The reaction velocity in this assay was found to be 
about twice as high as that in the forward reaction. Since it was 
reported (24) that the back reaction rate proceeded only 40 per 
cent as fast in a similar assay but with much lower concen- 
trations of 3-PGA (2.2 Mm) and ATP (1.7 10-4 M), the 
back reaction was studied in more detail. It was found that 
with 5 X 10°-° m of 3-PGA, the rate of the back reaction was 
about 7 times higher than that with 2.2 x 10-4™m of 3-PGA 
(both with an ATP concentration of 3 * 10-3 m). The dif- 
ference in rate was even greater at the low ATP concentrations 
used by Beisenherz et al. (24). Half maximal rate for the back 
reaction of G-3-P dehydrogenase was obtained at 1 & 10-3 o of 
3-PGA. Assuming 3.1 & 10-4 Mm (24) as the equilibrium constant 
for the 3-PGA kinase reaction, (ADP) (1,3-PGA)/(ATP) (3- 
PGA), and assuming that this equilibrium is maintained in the 
presence of a large excess of 3-PGA kinase and small amounts 
of G-3-P dehydrogenase, one can calculate the A,, of 1,3-PGA 
for G-3-P dehydrogenase reaction as approximately 3 x 10-° M. 

3-PGA kinase was assayed in a system (25) containing Tris 
buffer, pH 7.4, 5 * 10-? mM; sodium phosphate buffer, pH 7.4, 
4 10° M; potassium phosphate buffer, pH 7.4, 1 
DPN, 5 X 10°* mM; ADP, 1 10°% mM; MgCh, 5 x 
glycine, 1.3 & Mm; G-3-P, 9 10-4 mM; and dialyzed G-3-P 
dehydrogenase (Boehringer and Soehne), 1.4 units. 

3-PGA mutase was assayed in a mixture which contained Tris 
buffer, pH 7.4,5 10-2? mM; MgCl, 5 & 10-3 glycine, 4 10° 
M; 3-PGA, 4 & 10-* M; and enolase, 0.8 unit. Density readings 
were taken at 240 my at 30-second intervals for 2 minutes. 

Knolase was assayed in a system (26) which contained Tris 
buffer, pH 7.4, 5 10-2 mM; MgCl, 5 107° mM; glycine, 4 107 
M; and pi-2-PGA, 8 10°? mM. Density readings were taken at 
240 my for 2 minutes. 

Pyruvate kinase was assayed in a system (27) with Tris buffer, 
pH 7.4, 5 10°? mM; DPNH, 1 X 10-4 m; ADP, 2.4 * 10-4; 
MegCl., 1 mM; phosphoryl-enolpyruvate, 1 10-3 KCl, 
7 X 10° mM; and lactic dehydrogenase, 0.6 unit. The reaction 
was followed at 340 my with readings taken at 30-second in- 
tervals for 2 minutes. 

Lactic dehydrogenase was assayed in a system containing Tris 
buffer, pH 7.4, 5 10°? mu; DPNH, 1 X 10-4 mM, and Na pyrv- 
vate, 3 X 10°° um. Density readings were taken at 340 muy at 
15-second intervals for 1 minute. 

Glucose-6-P dehydrogenase was prepared and assayed accord- 
ing to Kornberg and Horecker (28), or prepared from bakers’ 
veast (13). 

Adenylic deaminase was prepared from rabbit muscle accord- 
ing to Nikiforuk and Colowick (15) through Step 3. Frequently 
the preparation was not completely free from ATPase which 
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was removed by treatment with N-ethyl maleimide, 5 x 10-¢ 
y, at 0° for 15 minutes, followed by dialysis against 200 volumes 
of cold distilled water for 3 hours. 


RESULTS 


Activity Profile of Glycolytic Enzymes—In order to evaluate the 
potential capacities of the glycolytic enzymes of ascites tumor 
cells, the individual enzymes were assayed in an extract and in a 
suspension of mitochondria obtained from these cells as follows. 
The cells were washed and resuspended in 0.25 M mannitol con- 
taining 0.1 mg. per ml. of EDTA, pH 7.4. A cell suspension, 
10 ml., containing about 70 mg. of protein per ml. was mixed 
with 10 gm. of washed glass beads and the mixture was shaken 
ina Nossal shaker (29) for 20 seconds in the cold room. After 
dilution with 20 ml. of mannitol-EDTA, the mixture was frac- 
tionated according to Schneider and Hogeboom (30). The 
packed mitochondrial fraction was washed once in 40 volumes of 
mannitol-EDTA solution and the particles resuspended in 4 ml. 
of the same solution. The supernatant solution (extract) was 
either used directly or was centrifuged again at 100,000 x g for 
25 minutes. In Table I, the activities and the distribution of 
enzymes are given. ‘The sugar-phosphorylating enzymes, hexo- 
kinase and phosphofructokinase had the lowest activity while 
the activity of ADP-transphosphorylating enzymes phospho- 
slycerate kinase and pyruvate kinase, as well as lactic dehydro- 
genase, were 10 to 40 times higher. The mitochondrial fraction 
contained only a negligible proportion of the total glycolytic 
enzyme activity with the exception of hexokinase (31). About 
60 per cent of the total hexokinase was present in the mito- 
chondrial fraction (10,000 x g) and the microsomal fraction 
(100,000 x g), and the specific activity of hexokinase in the 
mitochondrial fraction was 9 times as high as that of the super- 
natant solution. Small amounts of aldolase and phosphofructo- 
kinase were found in the mitochondrial fraction, while all the 
other glycolytic enzymes were present in amounts which could 
be accounted for by trapping of soluble enzymes in the particles 
after one washing. 

Glycolysis in Extracts—The rates of glycolysis were then stud- 
ied in extracts of ascites tumor cells at different concentrations 
of protein. As shown in Fig. 1, the specific activity (umoles 
of lactate per mg. of protein) of glycolysis during the first 15 
minutes increased up to a protein concentration of 3 mg. per 
ml. At this level glycolysis per mg. of protein was 3. times 
that at 1 mg. of protein per ml. When the incubation was 
prolonged to 30 minutes, the maximal rate of glycolysis was 
reached at 2 mg. of protein per ml. With incubation periods 
less than 10 minutes, the effect of protein concentration became 
even more critical since lactic acid production exhibited a short 
ag period which was prolonged with smaller amounts of extract. 

Since the above experiments indicated that several pacemakers 
if glycolysis are operative, more detailed studies were undertaken 
with an extract from ascites tumor cells to which various highly 
purified glycolytic enzymes were added in order to obtain more 
lefinite information on the pacemakers of glycolysis. From 
Table II, it can be seen that with 1 mg. of protein per ml. (Col- 
umn 1), the production of lactic acid was doubled by the single 
addition of phosphofructokinase or G-3-P dehydrogenase but 
hot by hexokinase. However, in the presence of excess phospho- 
iuctokinase or G-3-P dehydrogenase, further addition of hexo- 
kinase stimulated glycolysis. In contrast, with 4 mg. of extract 


TABLE 
Activities of glycolytic enzymes in supernatant solution and in 
mitochondrial fraction of ascites tumor cells 
All enzymes were assayed at 26° in the forward reaction, 7.e. 
the direction of converting glucose to lactic acid. Enzyme ac- 
tivities reported in this table were average values of two inde- 
pendent experiments. 


Enzyme | 
units/mg. protein units/mg. protein 
Glucose-6-P isomerase....... 0.51 0.020 
Phosphofructokinase.......... 0.050 0.006 
G-3-P dehydrogenase........ 1.21 0.005 
G-3-P isomerase.............. 0.227 0.010 
3-PGA mutase................ | 0.41 
Pyruvate kinase............. 1.38 0.060 
Lactic dehydrogenase......... 2.30 0.115 
a-Glycerophosphate dehydro- 


* Supernatant solution was obtained by centrifuging the ho- 
mogenates at 100,000 X g for 25 minutes. Approximately 80 mg. 
of protein were obtained in this fraction from 1 ml. of packed 
cells. 

+ Mitochondrial fraction was obtained by collecting the parti- 
cles at 10,000 X g and washing them with 40 volumes of 0.25 m 
mannitol containing 0.1 mg. per ml. of EDTA. Approximately 6 
mg. of protein were recovered from 1 ml. of packed cells. 
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Fic. 1. Specific activity of glycolysis. Experimental condi- 
tions were similar to those in Table II. Different amounts of ex- 
tract protein were used as indicated in the abscissa. Experiment 
A was incubated for 15 minutes and Experiment B incubated for 
30 minutes. 
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TABLE II 


Glycolysis in extracts from ascites tumor cells with additions 
of purified glycolytic enzymes 

Experiments were carried out in a final volume of 0.6 ml. con- 
taining 0.6 mg. or 2.4 mg. of extract protein in a reaction mixture 
which contained (in wmoles per ml.): Tris buffer, pH 7.4, 17; 
MgCl., 6; ATP, 3.4; DPN, 1.7; potassium phosphate buffer, pH 
7.4, 17; KCl, 10; glucose, 14. The test tubes were incubated at 
30° for 20 minutes with shaking. 1 ml. of 20 per cent CuSO, was 
added to each test tube at the end of the incubation. 


Lactic acid 


Enzyme additions to extract 
2.4 mg. protein 


| 0.6 mg. protein 


pmoles pmoles 
Hesokinase (0.5 unit)................. | 0.30 3.8 
Glucose-6-P isomerase (2 units)... ... | 0.34 2.5 
Phosphofructokinase (0.5 unit)........ 0.62 3.4 
dehydrogenase (3 units)... 0.63 3.1 
Hexokinase + glucose-6-P isomerase . : 0.33 3.9 
Hexokinase + phosphofructokinase. 0.71 | 5.3 
Hexokinase + aldolase ............ 0.42 4.4 
Hexokinase + G-3-P dehydrogenase... 0.72 5.1 
Hexokinase + enolase....... 0.32 3.9 
Hexokinase + phosphofructokinase + | | 
G-3-P dehydrogenase..............! 1.25 | 6.8 
Hexokinase + phosphofructokinase + | | 
aldolase + G-3-P dehydrogenase.... 1.40 | 7.4 


TABLE III 


Glycolysis in tumor extracts with additions of 
phosphorylated intermediates 
I:xperiments were carried out in 20-ml. beakers with 3 ml. of 
reaction mixture. 1 mg. or 3 mg. of extract protein were used per 
ml. in a reaction mixture which contained (in wmoles per ml.): 
Tris buffer, pH 7.4, 20; MgCl., 6.6; ATP, 4.0; DPN, 2.4; potassium 
phosphate buffer, pH 7.4, 30; glucose, glucose-6-P, fructose-di- 
P, 7. The beakers were incubated at 30° for 20 minutes with 
shaking. 


Lactic acid 


Additions 
1 mg. protein 3 mg. protein 


pmoles/m!. 


pmoles ‘mil. 
0.56 1.40 
Ciluecose + 0.46 1.90 
Glucose + 0.70 | "2.17 


protein per ml. (Column 2), the production of lactic acid was 
stimulated by the single addition of hexokinase. Phosphofructo- 
kinase or G-3-P dehydrogenase added singly gave some stimula- 
tion but when added together with hexokinase doubled the rate 
of lactic acid production. Addition of glucose-6-P isomerase, 
aldolase, enolase singly or with hexokinase had little or no effect. 
Single addition of 3-PGA kinase, 3-PGA mutase, pyruvate 
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kinase, or lactic dehydrogenase also did not stimulate glycolysis, 
When hexokinase, phosphofructokinase, G-3-P dehydrogenas. 
and aldolase were added together, the rate of lactic acid produe. 
tion was tripled. The effect of glucose-6-P or fructose-di-P used 
as substrate in place of glucose or together with glucose provided 
further information on the behavior of this multienzyme systen, 
in the tumor extract (Table III). With 1 mg. of protein per nj, 
(Column 1), lactic acid production was increased by about 6) 
per cent when glucose-6-P was used as substrate instead of 
glucose; with glucose and glucose-6-P the rate was doubled; with 
glucose and fructose-di-P, the rate was almost tripled. With} 
mg. of protein per ml. (Column 2), glucose-6-P was converted to 
lactate somewhat faster than glucose, while fructose-di-P was 
slower. Addition of glucose stimulated lactic acid formation 
from fructose-di-P. 

It can be concluded from the data presented in Tables IT and 
III that at low protein concentration the production of phos 
phorylated intermediates, as well as ADP regeneration were 
limiting in this cell free system. At higher protein concentration, 
the regeneration of ADP appears to be the major limiting factor, 

The glycolytic rate of the extract or homogenate, fortified with 
necessary cofactors, was about 5 times higher than that of the 
verobic glycolysis and about 3 times higher than that of the 
anaerobic glycolysis in the intact cells (Table IV). The gly- 
colytic enzymes, as such, are therefore not likely to limit the rate 
of glycolysis in the cells. 

Glycolysis in Intact Ascites Tumor Cells—Studies were the: 
undertaken to determine the rate of glycolysis in the intact 
cells under various conditions. The Tris-phosphate incubation 
medium (cf. “Methods’’) was selected because it supported : 
reproducible and fairly constant rate of glycolysis and _respir- 
tion of the ascites cells. Occasionally, Krebs-Ringer bicarbonate 
buffer or heated ascites serum (32) was used in comparative 
studies. Although some interesting differences were observed, 
which will be reported in a subsequent paper, the essential find- 


TasBLe IV 
Glycolysts in intact tumor cells, homogenates, and extracts 

Experiments with intact cells (10 mg. of protein) were carried 
out in a final volume of 0.6 ml. in a reaction mixture which con: 
tained (in wmoles per ml.): Tris buffer, pH 7.4, 40; NaCl, 80; KC), 
20; potassium phosphate buffer, pH 7.4, 4; glucose, 10. With ho- 
mogenates and extracts the experimental conditions were similar 
to those in Table II with 2.4 mg. protein in 0.6 ml. The tes 
tubes were incubated at 30° for 25 minutes. Results are expressed 
as umoles of substrate utilized or product formed per hour per 1+! 
mg. of cell protein or that amount of homogenate or extract ob- 
tained from 140 mg. of cell protein. 


Lactic acid 


Preparation Gas phase | Glucose uptake © production 
pmoles pmoles 
| Air | 53 | 6S 
| Ne | 120 
Homogenates*........ | Air or N» | 290 | 405 | 
ERT ere | Airor Ne | 256 360 


* Homogenates, after they were freed from cell nuclei, debris. 
and unbroken cells by centrifugation at 600 & g for 10 minutes 
contained about 90 per cent of the original cell protein. 

+ Defined as the supernatant solution obtained after centrifl! 
gation of the homogenates at 10,000 X g for 20 minutes. 


| 


limit 
ascite 
VII t 
as We 
centr 


Tu 
lites | 
tippe 
with 
lites, 


None 
Gluea 
Glueo 
phe 


| 
ing 
mer 
| 
of 
of 
abe 
per 
the 
rect 
Par 
| tha 
phe 
wer 
In 
of 
cone 
It 
resu 
as a 
tion 
AM 
unde 
effec 
extri 
intr: 
rate 
glye 
high 
At h 
ment 
tion 
moge 
Su 


May 1959 


ings described in the text were not confined to the particular 
medium used. 

The rate of glycolysis was compared in the presence or absence 
of air and dinitrophenol. As shown in Table V, both the rate 
of glucose uptake and lactic acid production were stimulated 
about 60 per cent by replacement of air with Nz and about 100 
per cent with the addition of dinitrophenol. Measurement of 
the intracellular P; concentration revealed that it was markedly 
reduced in the presence of glucose in all three experiments. 
Parallel to the glycolytic rate, the P; level was lower aerobically 
than anaerobically, and was increased on addition of dinitro- 
phenol. In these experiments the intracellular ADP concentra- 
tions were also parallel to the rate of glycolysis but these changes 
were neither as pronounced nor as reproducible as the P; changes. 
In view of these findings it seemed desirable to study the effect 
of extracellular P; and adenine nucleotide on the intracellular 
concentration of these substances and their effect on the rate of 
glycolysis. 

It was found that high concentrations of P; in the medium 
resulted in an increased concentration of intracellular P; as well 
asa marked stimulation of glucose uptake and lactic acid produc- 
tion (Table VI). Edmonds and LePage (33) reported that C'- 
AMP was incorporated into nucleic acids of ascites tumor cells 
under anaerobic conditions. It was hoped to determine the 
effect of nucleotides on glycolysis provided that addition of AMP 
extracellularly would result in a measurable increase of the total 
intracellular acid soluble adenine nucleotides. Results in Table 
VI show that the addition of AMP increased significantly the 
intracellular level of ATP, ADP, and AMP but no effect on the 
rate of either aerobic or anaerobic glycolysis was observed. 
Even when 15 umoles AMP per ml. were used no effect on the 
glycolytic rates was observed. ‘The stimulation of glycolysis by 
high P; was also unaltered in the presence of extracellular AMP. 
At high P; concentrations under anaerobic conditions (Experi- 
ment 6) the rate of glucose uptake, as well as lactic acid produc- 


) tion in intact cells, at times approached that of the tumor ho- 


mogenates fortified with cofactors (Table IV). 

Since it appears from these observations that P; is the major 
limiting factor in glycolysis, the mechanism of P; uptake by the 
ascites tumor cells was investigated. It can be seen from Table 
VII that (a) the entrance of P;, as measured by chemical analysis 
as well as radioactivity, increased with the extracellular P; con- 
centration and did not level off at the highest concentration 


TABLE V 
Glycolysis in presence of air, No or 2,4-dinitrophenol 
Tumor cells (30 mg. of protein) were preincubated for 10 min- 
ites before glucose (0.01 mM) and dinitrophenol (1 X 1074 M) were 
tipped in. In the anaerobic experiment the vessel was gassed 
with N.. The Warburg vessels were incubated at 30° for 40 min- 
lites. Results are expressed as wmoles per 140 mg. of protein. 


| Intracellular 
Glucose | Lactate concentration 
Additions Gas phase | uptake production 
per hour | per hour | 
P; ADP 
{ 
Air 8.5 | 0.98 
Glucose............. Air 55 70 | 3.8 | 0.81 
Glucose... 114 | 5.5 | 1.00 
Glueose + dinitro- | 
Air 106 6.9 1.06 
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TaBLe VI 
Effect of extracellular P; and AMP on glycolysis 
Incubation was at 30° for 40 minutes with glucose (0.02 m) 
present in all experiments. 1.2 wmoles of AMP per ml. and 60 
umoles of P; per ml. were added to experiments as indicated. 
Results are expressed as umoles per ml. of packed cells. 


Intracellular concentration 
Gl | Lactate 
ment | Additions uptake i 
Ne (perhour “hour | P; AMP! ATP 
1 | None Air | 60 70 | 5.00.120.522.8 3.44 
P; Air 145 195 10.30.300.452.5 3.25 
3 | AMP Air 61 70 =|» 4.9,0.41:0.773.5 4.68 
4 |P,+AMP| Air | 142 | 192 10.1 3.4 4.70 
5 None No 106 136 5.9 0.200.462.6 |3.26 
6 P; Ne 207 .22 
7 AMP Ne 105 128 | 5.90.320.38'3.4 |4.10 
| P; + AMP; No 204 300 4.0 
* Total adenine nucleotides. 
TaBLe VII 


P® uptake by ascites tumor cells 


Tumor cells (30 mg. of protein) were washed and resuspended 
in the following medium (in wmoles per ml.): Tris buffer, pH 7.4, 
40; NaCl, 90; KCI, 20; MgCl., 2. Varying amounts of P*?-ortho- 
phosphate (diluted in 0.15 mM NaCl) containing 20,000 e.p.m. per 
umole were added to each experiment in a final volume of 2 ml. 
Cells were incubated in 20-ml. beakers in air at 30° for 30 minutes. 


Intracellular phosphates 


| 
| 
| 


P; in medium | No glucose With glucose (0.015 m) 
P; Organic p22 P; Organic pz 
phosphates entered phosphates; entered 
pmoles/ml. pumoles pumoles c.p.m. pmoles pumoles c.p.m. 
2 0.53 0.97 8 , 600 0.33 1.8 15,000 
5 0.94 0.76 18,000 0.51 2.6 | 33,000 
10 = 1.56 | 0.94 28,000 0.74 3.6 54 , 000 
20 2.48 | 0.98 46 , 000 0.72 5.4 90 , 000 
40 | 3.16 | 0.84 | 60,000 0.76 6.3 (105,000 


used; (6) glucose stimulated the entrance of P® which was found 
mostly in the organic phosphate fraction. 

Since it is difficult to distinguish between active transport and 
simple diffusion or exchange of P® at high P; concentrations, low 
concentrations of extracellular P; and various metabolic in- 
hibitors were used in the following experiments. It was found 
(Table VIII) that (a) in the absence of glucose the P* uptake 
was about twice as high aerobically as anaerobically; (6) the 
addition of glucose increases both the aerobic and anaerobic P* 
uptake. The effect of glucose can be abolished by the addition 
of IAA, which in the absence of glucose has no effect on P* 
entrance. (c) In the absence of glucose under aerobic conditions, 
the P® that entered the cells was equally distributed in the in- 
organic and esterified phosphates; under anaerobic conditions or 
with dinitrophenol the radioactivity was mainly associated with 
P;. (d) The specifie activity of P® in the medium was lowered 
by about 10 per cent aerobically, about 25 per cent in the pres- 
ence of dinitrophenol and about 15 per cent under anaerobic 
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TaBLe VIII 
Effect of inhibitors on P® uptake by ascites tumor cells 

Cells were washed and resuspended in the same medium as 
given in Table VII. 30 umoles of glucose, 2.6 wmoles of P; con- 
taining 100,000 ¢.p.m., and dinitrophenol were tipped from the 
side arm of the Warburg vessel after the cells (20 mg. of protein) 
were preincubated at 30° for 15 minutes. The vessels were then 
incubated for 30 minutes. Results are expressed as ¢.p.m. per 
20 mg. of protein per 30 minutes. 


¢.p.m. in intracellular | 


| Specific 
Additions | Gas phase | | 
| Pi | phos- | Total medium 

| phates | 

Ne 2,600. 300 3,400 33,000 
1,800 4,500 6,300 33 ,000 
Glucose + IAA*...... | Ne 2,600 600 3,200 32,000 
None................| Air | 3,400] 3,600] 7,000] 34,400 
Glucose..............., Air | 4,200 6,000.10,200, 35,600 
Glucose + IAA....... Air 6,160, 6,700, 34,000 
Dinitrophenol*......... Air 2,700 300, 3,000 29,000 
None (zero time)..... : | | 38,400 


* TAA and dinitrophenol both ai a final concentration of 


1 10-4 m. 


conditions. The extent of dilution can be used as a measure of 
the leakage of cold P; from the cells to the medium. 

The entrance of P® due to various mechanisms may be evalu- 
ated by making the following assumptions: (a) without air or in 
the presence of dinitrophenol, the entrance of P* in the absence 
of glucose is due to exchange diffusion (34); (6) in the absence 
of glucose, the difference of P*® entrance under aerobic and 
anaerobic conditions is due to oxidative phosphorylation which 
is inhibited by dinitrophenol; (c) in the presence of glucose the 
additional entrance of P® is due to glycolysis which is inhibited 
by TAA. 

Based on these assumptions a calculation of the data in Table 
VIII leads to the following conclusions. Exchange diffusion, 
which gives rise to no net P; uptake, was similar under aerobic 
and anaerobic conditions (about 3000 ¢.p.m.). The uptake of 
P® associated with glycolysis was similar under aerobic and 
anaerobic conditions (about 3000 ¢.p.m.). The uptake of P® 
coupled to respiration was slightly higher (about 4000 ¢.p.m.) 
in this experiment. It should. be mentioned that the relative 
contribution of glycolysis and respiration to the net uptake of 
P; varied with the age and metabolic state of the tumor cells. 
However, it is noteworthy that usually the effects of glycolysis 
and respiration on the uptake of P; were almost additive. 


DISCUSSION 


In this paper attempts to evaluate the rate-limiting factors 
which govern utilization of glucose in ascites tumor cells are 
described. The quantitative determination of the individual 
glycolytic enzymes, obtained by cell extraction and analyzed 
under optimal conditions of substrate and coenzyme concentra- 
tions, does not necessarily yield information in respect to their 
operation in a multienzyme system. ‘These analyses, however, 
reveal the potentialities of the individual enzymes which in turn 
may have a profound effect on the properties of the over-all 
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system, its susceptibility to specific inhibitors, activators, and 
others. 
zymes of glycolysis found in ascites tumor cells may effectively 
compete with mitochondria for ADP so that this nucleotide jg 
not a limiting factor for glycolysis. Such an effective competition 
may indeed be a factor contributing to the high aerobic glycolysis 
of these tumor cells. 

The second experimental approach dealt with the glycolytic 
activity of crude extracts and homogenates obtained from the 
tumor cells. A study of glycolysis in extracts fortified with co- 
factors and coenzymes revealed that the specific activity (lactic 
acid production per mg. of protein) of the tumor extract increased 
up to 2 to 3 mg. protein per ml., a fact which by itself suggests 
that more than one limiting factor is present. This conclusion 
was borne out by the addition of individual glycolytic enzymes 
to the extract. At low protein concentrations the glycolytic 
activity of the extract was limited mainly by phosphofructokinase 
and G-3-P dehydrogenase, but at high protein concentrations 
hexokinase became limiting. Since hexokinase is first in the 
glycolytic chain and already saturated with substrate, the specific 
activity of glycolysis becomes independent of protein concentra- | 
tion when this enzyme becomes the pacemaker. It is of interest 
in this connection to note that Beck (35), who has made extensive } 
studies on the metabolism of leucocytes, has reported that hexo- 
kinase limits glycolysis of leucocytes. 

The over-all glycolytic activity of crude tumor extracts fortified 
with cofactors is about 5 times as high as aerobic glycolysis oi 
the intact cells. The enzymes therefore are not likely to be 
limiting factors of glucose utilization by the intact cells provided 
they exist in the cells in an active form and are fully accessible 
to substrates. 

Investigations with intact tumor cells under various conditions 
revealed that the intracellular level of P; plays a critical role as 
limiting factor in the glycolytic regeneration of ATP. — Increas 
ing the external phosphate concentration resulted ina pronounced 
stimulation of glycolysis. Since the phosphate concentration } 
required for stimulation of glycolysis of intact cells exceeded by 
far the optimal concentration required for cell free glycolysis, i 
became apparent from these data and other experiments to be 
reported in the following paper that the transport and _ the 
availability of intracellular phosphate limit the glycolytic proces 
in the ascites cells. 

The net uptake of orthophosphate by veast, bacteria, and some | 
animal cells appears to be mainly associated with glycolysis (36- 
40). The studies reported in this paper suggest that in ascites 
tumor cells oxidative phosphorylation as well as glycolysis con 
tributes to P; transport. It may be proposed that an altered 
regulation of P; transport in tumor cells may contribute to the 
high rate of glycolysis. 


SUMMARY 


1. An activity profile of the glycolytic enzymes in ascite 
tumor extracts showed a 10- to 40-fold excess of the adenosine 
diphosphate-transphosphorylating enzymes over hexokinase a | 
phosphofructokinase which had the lowest activity. Glyeokvi 
in crude extracts was analyzed for limiting factors by fortifics | 
tion with individual glycolytic enzymes. A multiplicity © 
limiting factors was observed, addition of hexokinase, phospbe 
fructokinase, and glyceraldehyde 3-phosphate dehydrogena*| 
having the most pronounced effects. 

2. Glycolysis in crude extracts and in homogenates fortifie 


The large amounts of ADP-transphosphorylating ep. 
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with cofactors was far more rapid than glucose utilization in 


intact cells. 


Thus a cofactor rather than an enzyme was impli- 


eated as a limiting factor of ascites tumor metabolism. 

3. Determination of the intracellular concentration of cofactors 
and intermediates under various conditions revealed that in- 
organic phosphate concentrations fluctuated parallel to the rate 


of 


> 


. BEISENHERZ, G., Bitcuer, T., 


glycolysis. Inorganic orthophosphate appeared to be the 
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major limiting factor in glycolysis since high concentrations of 
external orthophosphate markedly stimulated lactic acid produc- 


tion in intact cells. 


Under these conditions anaerobic cellular 


glycolysis approached that of tumor cell homogenates. 


4. Glycolysis and oxidative phosphorylation contribute in- 


dependently and almost equally to the transport of orthophos- 
phate into the cells. 
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Since the discovery by Pasteur of the inhibition of fermentation 
by oxygen (1), a large amount of experimental work has been 
carried out to elucidate the phenomenon and many review articles 
on the Pasteur effect have appeared in the literature (2-23). 
The majority of the theories proposed for the mechanism of the 
Pasteur effect may be placed into three general categories. 

1. The “competition theory” proposes that in the presence of 
oxygen certain cofactors required for givcolysis are removed by 
respiration, thus causing an inhibition of glycolysis. Competi- 
tion between respiration and glycolysis for P,;) (12-15) or for 
ADP and P; (17, 18) has been suggested as the cause of the 
Pasteur effect. 

2. The “inhibition theory”? proposes that oxygen or an in- 
hibitor formed in the presence of air is responsible for the sup- 
pression of aerobic glycolysis. For example, it was proposed (9- 
11) that oxygen reduces the rate of glycolysis by reversibly 
inactivating a sulfhydryl enzyme of glycolysis. However, this 
theory may require revision since the presence of 2,4-dinitro- 
phenol eliminates the Pasteur effect although respiration con- 
tinues. It was therefore suggested (18) that an inhibitor of 
glucose utilization may accumulate concomitant with oxidative 
phosphorylation. 

3. A “structural theory” (6, 7) proposes that “the expenditure 
of energy by respiration is responsible for maintaining part of 
the cell enzymes inaccessible to the substrate. In anaerobiosis 
the cell becomes more permeable and the enzyme becomes more 
accessible to the substrate; thus the rate of carbohydrate catab- 
olism is higher under these conditions than in the presence of 
oxygen.” 

A slight inhibition of endogenous respiration on addition of 
glucose or other fermentable sugars, a Pasteur effect in reverse, 
was first observed in tumor slices by Crabtree (24). A pro- 
nounced inhibition of endogenous respiration by glucose or 
fructose in ascites tumor cells was described later (25). These 
observations have been confirmed and further extended (26-40). 


* This work was supported by Grant No. C-3463 from the Na- 
tional Institutes of Health, United States Public Health Service, 
Bethesda, Maryland. A preliminary report was presented at the 
meeting of the American Society of Biological Chemists (40). 

t Postdoctoral Fellow of the Damon Runyon Memorial Fund 
for Cancer Research, New York, New York. 

abbreviations used are; P;, inorganic orthophosphate; 
IAA, iodoacetate; fructose-di-P, fructose 1,6-diphosphate; G-3-P, 
glyceraldehyde 3-phosphate. 
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EXPERIMENTAL 


Materials and Methods 


The general experimental procedures and methods were the 
same as described in the preceding paper (41). Kinetic studies 
of glucose uptake and lactic acid production were carried out in 
50-ml. flasks with a fluid volume of 10 ml. at 30° in a Dubnof 
metabolic shaker. The flasks were fitted with rubber stoppers 
with glass tubing extending into the flask as an inlet of air or N,, 
Aliquots (0.5 or 1 ml.) were withdrawn at various time interval 
through an opening in the rubber stopper. 


RESULTS 


Pasteur Effect 


The effect of air, nitrogen, dinitrophenol, and IAA on the rate 
of glucose uptake and lactic acid production with the concomitant 
changes of the intracellular concentrations of Pj, fructose-di-P, 
AMP, ADP, and ATP are shown in Table I. It can be seen 
that glycolysis in ascites tumor cells was about twice as rapid 
anaerobically as aerobically. IAA inhibited aerobic glycolysis 
markedly and anaerobic glycolysis almost completely. The ad- 
dition of IAA to cells suspended in glucose in air increased the 
intracellular concentration of fructose-di-P which accounted for 
over 50 per cent of the glucose that disappeared. High P; with 
TAA in the medium stimulated both glucose uptake and fructose- 
di-P accumulation, 

With different cell suspensions the total intracellular concentra 
tions of adenine nucleotides were found to be somewhat variable 
(Experiments 1 and 2). The metabolic changes under different 
experimental conditions, however, were consistent. In the pre= 
ence of glucose there was usually a higher level of ATP aerobically 
and a slightly lower level of ADP as compared to anaerobic cot 
ditions. IAA alone had little effect on the adenine nucleotide 
concentrations but addition of glucose and JAA resulted in: 
pronounced decrease of the intracellular adenine nucleotides. 
Inosine was found in the extracellular fluid and it accounted for 
about 70 per cent of the adenine nucleotides lost from the cell: 
during incubation with TAA and glucose. Inosine was identi 
fied by its Re value on paper chromatograms with two differen! 
solvents (42, 43) and by its ultraviolet absorption spectrum afte 
chromatographic separation. Quantitative changes in the ultr 
violet absorption at 260 my of the acid soluble fraction obtained 
from the cells and of the extracellular fluid revealed that 1 
addition to ATP, ADP, and AMP, other ultraviolet absorbitt 
components of the cells had disappeared. 
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It should be noted that the anaerobic glucose uptake was higher 
in spite of a lower ATP level. This lack of correlation between 
the intracellular level of ATP and the rate of glucose phosphoryla- 
tion was further investigated. In Fig. 1 the rate of aerobic 
glucose uptake and the variation of the intracellular ATP, ADP, 
and P; were recorded for the first 8 minutes. In this and similar 
kinetic experiments, the cell suspension was preincubated for 5 
minutes to allow temperature equilibration before the addition 
of glucose. The curve for glucose uptake showed an inhibited 
phase between 2 and 3 minutes, similar to the observations of 
Chance and Hess (27). However, after 3 minutes the inhibition 
was found to be partiallv released. The inhibition of glucose up- 
take was preceded by a drop in the intracellular P; level to about 
one-third the value before glucose addition. Since at the time 
when glucose uptake had almost stopped (between 2 and 3 
minutes) the ATP level was high, it was concluded that ATP 
was either unavailable or the hexokinase catalyzed reaction was 
inhibited. 

The effect of dinitrophenol is shown in Fig. 2. Curve 1 repre- 
sents an experiment similar to that shown in Fig. 1, and Curve 2 
shows an experiment in which the cells were preincubated with 
dinitrophenol for 15 minutes before the addition of glucose. 
With dinitrophenol the ATP level was found to be close to zero 
but increased rapidly after addition of glucose. After 2 minutes 


TABLE I 
Effect of TAA and 2,4-dinitrophenol in presence or absence of air 
on glycolysis and intracellular levels of P; and 
adenine nucleotides 

Ascites tumor cells were preincubated at 30° for 15 minutes 
with air or nitrogen and [AA (1 X& 10-4 mM), where indicated, before 
glucose and dinitrophenol (1 X 1074 M) were tipped in from the 
side arm of the Warburg vessels. Cells (30 mg. of protein) were 
incubated in a final volume of 2 ml. for 40 minutes in the follow- 
ing medium (wmoles per ml.): Tris buffer, pH 7.4, 40; NaCl, 80; 
KCI, 16; potassium phosphate buffer, pH 7.4, 4; MgCl., 2; glucose 
10. Results are expressed as wmoles per ml. of packed cells. 


| Intracellular 


tate ructose-. 
concentration 


Glucose produc-_ 


Additions uptake tion | 
per hour per tion per | 
| | hour hour | Pj AMP ADP ATP 
Experiment 1 | | 
Air) 2.0) 0.6 | 8.20.210.861.06 
Air 64.0) 1.4 3.90  0.701.64 
Glucose. ..........| Ne | 93 [130.0] 1.3 | 5.4/0 {1.0 11.04 
| Air; | | | 8.00. 19 0.76.0.82 
Glucose* + IAA...; Air 10 | 4.4/ 5.8 5. 0.0.580.120.04 
Glucose* + TAA...) No 2; 2.0! 1.1 /10.3)1. 050. 30.0 
Experiment 2 | | | 
Air | 7.30. 140. 163. 10 
|Gleose* + ITAA...) Air 11 7.0 | 1.90. 110. 06 0 
Glucose* + TAA + | | | 
Air| 22 11.8 | 3.70. 120. 31 0. 12 
Air} 58 | 72.0| 1.4 | 4. 07 0.63 3.20 
98 140.0 1.6 | 5.60 140. 80/2. 10 
Glucose + dini- | | | | 
trophenol.... Air | 122 176.0 , 2.3 6.60. 56 0. S7 1 80 


*To make the analytic values more accurate, 3 wmoles of glu- 
tose per ml. instead of 10 wmoles per ml. were used in these ex- 
periments. 

+20 wmoles of Pj per ml. of incubation mixture. 


R. Wu and E. Racker 


the initial phase of glycolysis. 
which disappeared can be accounted for by the accumulation of 
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Fic. 1. Kinetie study of glucose uptake and variation of intra- 
cellular concentrations of ATP, ADP, and P;. Tumor cells were 
washed and incubated in air as in Table I. Glucose (3 ymoles per 
ml.) was added after 5 minutes of preincubation at 30°. Results 
are expressed as uymoles per ml. of packed cells. 


6 = 
ae ae 
\ / 
/ Gy <a 
© 
O 3- 
= / 
at 
= 
4 
= 


6 
MINUTES 


Fic. 2. Effect of 2,4-dinitrophenol on the kineties of glucose 
uptake. I¢xperimental conditions were the same as in Fig. 1, ex- 


cept that cells were preincubated for 15 minutes with (Curve 2) 


or without (Curve 1) dinitrophenol (1 * 10-4 m). 


the ATP level was about one-quarter that of Curve 1, but the 
rate of glucose uptake was already maximal. If one assumes 
that in the absence of dinitrophenol (Curve 1) ATP is mainly pro- 
duced in the mitochondria, but in the presence of dinitrophenol 
(Curve 2) it is produced by glycolysis, it can be concluded that 
glycolytic ATP is used more efficiently than mitochondrial ATP 
for the phosphorylation of glucose. 

In order to account for the substantial drop of intracellular P; 
level, the intracellular phosphate esters were measured during 
Fig. 3 shows that half of the P; 


| 
rate 
ant 
i-P, 
pid 
ysis 
ad- 
the 
fo 
vith 
ose 
tra 
able 
rent 
O | 
vals 
con 
tid 
in 
idles 
| fol 
cell 
nti 
reli 
ifte 
ined 
t iD 
bing 


1038 Regulatory Mechanisms in Carbohydrate Metabolism. IV Vol. 234, No. j 


9 

\ 
Lij = 
S) 7 MIN. LABILE P 
O GLUCOSE 
/ \ 

Pi 
Oo. 
lu 
2b 
= 

| | | 


MINUTES 


Fic. 3. Balance of phosphate compounds. Experimental con- 
ditions were the same as in Fig. 1. FDP represents fructose 1,6- 
diphosphate and HMP represents hexose monophosphates. 


TABLE II 
Pasteur effect with low and high P; in medium 


Conditions were similar to those given in Table I except that 
18 upmoles of glucose per ml. were used. Results are expressed as 
pmoles per ml. of packed cells. 


; Glucose Lactate P; con- 
Pj G Past Past 
medium | phase | ™Ptake per} “effect. | Production | centration 
pmoles/ 
ml, | 
3 Air 72 SO 5.1 
3 N. 135 5.9 
30 Air 123 161 | 6.2 
30 174 270 7.0 
60 Air 160 me ae 6.8 
60 N: 197 314 | 7.3 


* Pasteur effect = (anaerobic value — aerobic value) /anaer- 
obie value. 


fructose-di-P and hexose monophosphate, the levels of which 
reached a maximum at about 1 minute and gradually decreased 
thereafter; the other half appeared as 7-minute labile phosphate. 
The total phosphate in the acid soluble supernatant solution re- 
mained essentially constant at around 16 uwmoles per ml. 

In view of the drop of P; level in the presence of glucose and 
the fact that P; was shown to be a major limiting factor in tumor 
glycolysis (40, 41), the effect of high P; concentration on the 
Pasteur effect was investigated in greater detail. It can be 
seen from Table II that the presence of increasing concentra- 
tions of P; in the medium resulted in an increased intracellular 


P; concentration as well as an increased rate of glucose uptake 
and lactic acid production. Although both the aerobic and 
anaerobic glycolysis was stimulated, the per cent Pasteur effec | 
was progressively reduced with increasing concentrations oj 
extracellular Pj. 

The rate of glucose uptake was then compared at various con- 
centrations of extracellular P; both aerobically and anaerobically. 
The curves in Fig. 4 show that the initial rate of anaerobic glucose 
uptake was very rapid and was similar at the three different P, 
concentrations, but decreased after 2 to 3 minutes. In contrast, 
the initial rate of aerobic glucose uptake was different with dif- 
ferent P; concentrations in the media, and only with 4 umole 
of P; per ml. (Curve 3) was a distinct inhibited phase of glucose 
uptake observed. The curves for aerobic lactic acid production | 
were found to be similar to those for aerobic glucose uptake. 
Although the intracellular P; level was somewhat higher anaero- | 
bically than aerobically, it was difficult to see how these di- 
ferences at these relatively high P; concentrations (3 to 9 x 10° 
M) could affect glycolysis so profoundly unless either the tumor 
G-3-P dehydrogenase is not saturated at these P; levels or the 


P; measured in the acid soluble extract of cells is not all true} 


inorganic phosphate. It is also possible that the Pj; is not 
available for the G-3-P dehydrogenase-catalyzed reaction. An | 
analysis of the affinity constant of G-3-P dehydrogenase of ascites 
tumor extract for P; revealed that it was 1.5 x 10-3 M, very 
similar to that of crystalline rabbit muscle G-3-P dehydrogenase. 
Extension of the kinetic experiments to 30 minutes beet 
out even more sharply certain discrepancies between the apparent 
levels of intracellular P; and the glycolytic rate. It was show 
in Fig. 5 that the rate of aerobic and anaerobic glucose uptake 
in the presence of low and high P; was essentially linear. The 
rate of anaerobic glucose uptake at low P; was similar to that ¢i 
aerobic uptake at high P;. It should be noted, however, that 
the intracellular P; levels were higher aerobically (Curve 3) than 
anaerobically (Curve 2). In view of these and other observ: 
tions, it may be suggested that P; measured in the acid soluble 
fraction is not entirely available for glycolysis and that thi 
restriction is more pronounced aerobically than anaerobically. 


Crabtree Effect 


Since P; stimulated glycolysis and since the Pasteur effect % 
be partly reversed by higher P; concentration in the medium, 
its effect on respiration in the presence and absence of glucos 
was investigated. In confirmation of the observations of Brn 
and McKee (28), the Crabtree effect was found to be partly 
reversed when higher P; concentration was used in the medium 
as shown in Table III (Experiment 1). Although the addition} 
of AMP appreciably increased the intracellular ADP and tote 
nucleotide cancentrations, the rate of Os uptake remained ur } 
affected. Although high P, invariably increased glycolysis, | 
effect on O. uptake varied. For example, in Experiment 2 with 
a different batch of cells, addition of more P; to the medium did 
not stimulate respiration in either the presence or the absence 0! 
glucose. It should be noted that in contrast to Experiment |, 
high P; in the medium in Experiment 2 resulted in only a smal ¥ 
increase in intracellular P; concentration. In general, it was ob | 
served that the rate of respiration was parallel to the intracellt- 
lar P; concentration. Addition of dinitrophenol (Table IV) r 
leased the Crabtree effect, as might be expected if P, limit 
respiration. As has been pointed out by Kvamme (44), the | 
observation that some Crabtree effect persists even in the pre* 
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Fic. 4. Kinetic study of glucose uptake and changes of intracellular P; level under aerobic and anaerobic conditions. For ex- 
periments in Curves 1 and 2, tumor cells (50 mg. of protein) were incubated in P; free medium; in Curves 3 and 4 (35 mg. of protein) 
in medium with 4 uwmoles of P; per ml. as in Table I; in Curves 5 and 6 (20 mg. of protein) in medium with 80 wmoles of P; per ml. 
Experiments 1, 3, and 5 were aerobic and 2, 4, and 6 were anaerobic. Glucose (3 umoles per ml.) was added after 6 minutes of gassing. 
Results are expressed as moles per ml. of packed cells. 
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Fic. 5. Kinetic study of the Pasteur effect with low and high P;. For experiments in Curves 1 and 2, tumor cells were incubated in 
medium with 4 wmoles of P; per ml.; in Curves 3 and 4, in medium with 80 umoles of P; per ml. Experiments 1 and 3 were aerobic and 
2 and 4 were anaerobic. 
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TaBLeE III 
Crabtree effect in presence of high P; and AMP 
Tumor cells were incubated in air under conditions similar to 
those given in Table I, except that, where indicated, glucose, 15 
pmoles per ml.; AMP, 1.4 wmoles per ml.; and P;, 30 wmoles per 
ml. were added. Results are expressed as wmoles per ml. of 
packed cells. 


O» Intracellular concentration 
Additions uptake | Crabtree® | 
per hour ae AMP | ADP | ATP 
| | | | 
Ixperiment 1 | | | | | 
40 | 45 0.84 0.40 | 1.75 
49 31 | 13.4 1.10 | 0.84 | 1.26 
Glucose + Pj....) 34 | 0.40 | 0.46 2.44 
4 | 11.2 | 1.37 | 0.82 | 1.40 
Glucose + AMP. | | 8.2 —0.45 (0.78 3.46 
4+ AMP | 50 | 30 13.1 | 1.32 | 1.00 | 1.25 
Glucose + P; + | ia ~ | 10.1 | 0.70 | 0.76 | 3.34 
AMP | | | | | 
experiment 2 | | | | | : 
Cilucose . . 24 5.3 | 
30 
(ilueose + Pj..... 24 | 


| 
| 


Crabtree effeet = (endogenous uptake — uptake with 
glucose) endogenous uptake. 


TaBLe 
Crabtree effect in presence of LAA and 2,4-dinitrophenol 
experimental conditions were similar to those in Table I. 
Final concentration of TAA and dinitrophenol was 1 X 1074 M; 
glucose, 0.015 mM. Results given in this table are averages of two 
sets of experiments. 


Intracellular 
! concentrati 

Additions Os uptake 

P; | ADP 

31 5.3 | 0.60 
IAA + glucose + Pj*....... 30 30 5.1 0.10 
Dimitrenmenel.............. 67 11.8 | 0.75 
Dinitrophenol + glucose... 5d 0.86 
IAA + dinitrophenol........ 67 11.5 0.60 

IAA + dinitrophenol + glu- ! | 40 » | 


* Final concentration of P; was 0.02 mu. 


ence of dinitrophenol may be a reflection of the fact that P; is 
required not only for oxidative phosphorylation but also for the 
oxidation of a-ketoglutarate in the Krebs’ cycle. 

Of particular interest is the effect of LAA on the Crabtree effect 
(Table IV). Although lactic acid production was almost com- 
pletely inhibited, the presence of glucose in the medium still 
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produced a pronounced Crabtree effect. Occasionally, the in- 
hibition with [AA was in fact higher than without, and was partly 
reversed by higher P; concentration in the medium. As has 


been pointed out above (Table I), the analysis of intracellular. 


constituents revealed a striking decrease of both intracellular P; 
and adenine nucleotides when both IAA and glucose were present. 
The P; can be accounted for by the accumulation of fructose- 
di-P and the adenine nucleotides can almost be accounted for 
by inosine which has leaked out of the cells. It is thus possible 
that the Crabtree effect in the presence of IAA may also be 
due to a depletion of these intracellular components even in the 
absence of complete glycolysis. 


DISCUSSION 


Ascites tumor cells exhibit under aerobic conditions in the 
presence of glucose pronounced Pasteur and Crabtree effects. 
In order to study the mechanism of these phenomena of metabolic 
control, the concentrations of intracellular components under 
various experimental conditions were measured. It was found 
that aerobically the phosphorylation of glucose is markedly im- 
paired in spite of an apparent high intracellular ATP level. In 
fact, ATP levels one-fourth as high are sufficient to support 
maximal glycolysis in cells treated with dinitrophenol. 
suming that the action of dinitrophenol is primarily on oxidative 
phosphorylation, one ean conclude that glycolytically produced 
ATP is more efficiently used for glucose phosphorylation than 
mitochondrial ATP. Mitochondria prepared from ascites tumor 
cells were found to give a P:O ratio of 2.7 with pyruvate and 
malate as substrates. 

Only speculations can be offered for the inefficient utilization 
of mitochondrial ATP for glucose phosphorylation. One possi- 
bility is that aerobically produced ATP is not fully available for 
hexokinase and phosphofructokinase, e.g. the intracellular trans- 
port of ATP is rate limiting. Another possibility is that an 
inhibitor is maintained at high levels under the conditions of 
oxidative phosphorylation. The possibility has been suggested 
(45) that glucose-6-P and 6-phosphogluconate may act as regula- 
tors of glycolysis by inhibition of hexokinase and glucose-6-P 
isomerase. It should be pointed out, however, that these com- 
pounds cannot be considered responsible for the Pasteur effect, 


without making further assumptions, since their intracellular — 


concentrations, at least in ascites tumor cells, were found to be 
too low to account for the reduced rate of aerobic glycolysis. 
Moreover, veast cells, which exhibit a pronounced Pasteur effect, 
contain a hexokinase resistant to product inhibition. On the 
other hand, it is likely that regulatory mechanisms of a funda- 
mental metabolic process, such as glucose utilization, are multiple 
in nature and indeed may be different in various forms of life. 
It is also apparent that the phenomenon which has become 
known as the Crabtree effect can have more than one cause. 
Inhibition of respiration by glycolysis could be due to a lowering 
of pH but such an explanation is inadequate since a pronounced 
Crabtree effect was observed (19) in the presence of LAA which 
prevented the drop in pH. On the other hand, it was shown 


in this laboratory (40), as well as by Kvamme (44), that the 


-presence of IAA and glucose results in a marked diminution of | 


intracellular nucleotides as well as Pj. Thus, the mechanism of 
the Crabtree effect operative in the presence of iodoacetate may | 
be different from that observed in its absence. The partial re- 
versal of the Crabtree effect by dinitrophenol also makes it un- 
likely that the pH of the medium affects respiration since the 
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rate of lactic acid production is usually doubled in the presence 
of dinitrophenol. Although all these experiments still do not 
eliminate the possibility of localized intracellular pH changes 


affecting respiration, a competition for P; (and under some condi-' 


tions probably also for adenine nucleotides) is considered more 
likely as a responsible factor for the Crabtree effect. The dif- 
ficulties encountered in consistently reversing the Crabtree effect 
by high extracellular P; concentrations may be due in part to 
the fact that under these conditions glycolysis is markedly stimu- 
lated and thus can be expected to compete more efficiently for 
intracellular P;. 


CONCLUSIONS AND SUMMARY 


1. The capacity of ascites tumor cells to phosphorylate glucose 
is not reflected by the intracellular level of adenosine triphosphate 
(ATP). After preincubating of the cells with dinitrophenol, 
glucose uptake proceeded at maximal rate when the ATP level 
was only a fraction of maximum. Thus glycolytically produced 
ATP appeared to be used more efficiently for phosphorylating 
glucose than oxidative ATP. 

2. Since glycolysis has been shown to be limited by inorganic 
phosphate, it is concluded that the rate of glycolytic regeneration 
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of ATP is controlled by the availability of inorganic phosphate 
for glyceraldehyde 3-phosphate dehydrogenase. 

3. The A, of phosphate for glyceraldehyde 3-phosphate de- 
hydrogenase of ascites tumor cells was 1.5 * 10-3 mM. Since the 
intracellular concentration of phosphate was 3 to 9 x 10-3 M, it 
is suggested that a large portion of this phosphate pool is not 
available for the enzyme. 

4. The rate of respiration of ascites tumor cells was observed 
to be paralleled by the intracellular concentration of inorganic 
phosphate. On addition of glucose, various Crabtree effects 
were observed, depending on the experimental conditions. Ad- 
dition of both glucose and iodoacetate resulted in a pronounced 
inhibition of respiration, accompanied by a substantial drop in 
the level of inorganic phosphate and a loss in intracellular ade- 
nine nucleotides. 

5. The findings presented in this paper have been interpreted 
as pointing to a compartmentation which restricts the mobiliza- 
tion of cellular components, such as inorganic phosphate and 
adenine nucleotides. Some indications were obtained that com- 
partmentation is less rigid anaerobically. The roles of com- 
partmentation and of inhibitors of glucose phosphorylation as 
contributory factors to the Pasteur effect are discussed. 
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Of the many naturally occurring sugars, only a limited num- 
ber is known or thought to have any significance in mammalian 
metabolism. These may be divided into two classes: constitu- 
tive sugars, z.e. those sugars which are integrated into the econ- 
omy of the tissues, and dietary sugars. With respect to the sug- 
ars to which the organism is exposed by dietary routes, the 
nutritive value, if any, and the mode of utilization are incom- 
pletely understood. For the constitutive sugars, questions arise 
of cellular specificity towards different sugars and the possible 
interdependence of different cell types within an organism. In 
addition there are interesting possiblilities for adaptive mecha- 
nisms existing in mammalian cells, similar to those found among 
the microorganisms. Such questions cannot easily be answered 
in tissue slice experiments in which mixtures of cell types are 
usually present, and results are influenced by metabolism of en- 
dogenous substrates. It is apparent that a tissue culture tech- 
nique permitting observations over a relatively prolonged growth 
period offers many advantages in the investigation of some of 
these problems. The uptake of sugars other than glucose by 
cells in tissue culture has been reported recently by a number of 
workers (1-4). 

We have examined the carbohydrate nutritional requirements 
and the carbohydrate metabolism of the MB III strain of mouse 
lymphoblasts (5) growing in roller tube cultures in media which 
were chemically defined insofar as the carbohydrate components 
were concerned. Particular attention was paid to the measure- 
ment of the rate of uptake of the sugars at different stages of the 
growth period as a possible indication of adaptive effects. 

The MB III cell represents a stable cell line which has been 
grown in continuous culture in this laboratory since its isolation 
in 1948. Growth is rapid in the stock medium used for mainte- 
nance, and the cells are only loosely attached to the walls of the 
glass roller tube (6). Uniform single cell suspensions are readily 
obtained for cell growth enumeration, without the use of trypsin, 
merely by shaking the tube so as to agitate the fluid over them. 
The strain has been adapted to growth in agitated fluid suspen- 
sion according to the ‘‘tumble tube”? method of Owens et al. (7). 


* This investigation was supported by Research Grant No. 
C-356 of the National Cancer Institute, National Institutes of 
Health, the United States Public Health Service. 

tT Present address, Department of Biochemistry, School of Med- 
icine, George Washington University, Washington, D. C. 


EXPERIMENTAL 


The human placental cord serum, ox embryo extract, and bal- 
anced salt solution used for routine maintenance of this strain 
were prepared according to the methods of Gey and Gey (8). 
The synthetic medium used in the glucose replacement studies 


was prepared from amino acids and vitamins obtained from the | 


usual commercial sources that supply highly purified chemicals 
for biological use. The composition of the medium was essen- 
tially that described by Eagle (9) with the addition of myo-ino- 
sitol (2 X 10-% mM) and the omission of glucose and with minor 
changes in the content of inorganic ions, particularly bicarbon- 
ate, in order to increase the buffering capacity. Dialyzed serum 
protein was prepared by dialysis of human placental cord serum 
against Ringer solution at room temperature for a limited period 
(7 to 8 hours with agitation) sufficient to remove glucose and lac- 
tic acid. Exhaustive dialysis caused the removal of additional 


growth-promoting substances, and serum protein prepared in this | 


way was incapable of supporting prolonged cellular proliferation. 
Carbohydrate samples used for determination of glucose replace- 


ment values were obtained from Nutritional Biochemicals Cor- | 


poration, Cleveland, Ohio. The samples of reducing sugars ap- 
peared pure when a paper chromatographic technique was used 
and were therefore used without further purification. 
glycerol, and mannitol samples contained less than 1 per cent of 
reducing sugars as determined by copper reduction (10). 


Sorbitol, 


Stock cell cultures were maintained in 16 xX 150-mm. roller — 


tubes in a medium consisting of human placental cord serum (5 
parts), ox embryo extract (1 part), and Gey’s (6) balanced salt 
solution (4 parts). The medium also contained penicillin (100 
units per ml.) and streptomycin (50 wg. per ml.), and sterile cul- 
ture conditions were maintained throughout the experiments. 
Incubation was at 37° in a roller drum turning at 12 r.p.h. Tubes 


were inoculated with approximately 1 to 2 million cells in 0.5 — 


ml. of medium and were treated every 4 days by removing ap- 
proximately two-thirds of the old fluid plus cells and adding fresh 
medium. Under these conditions growth was approximately 


logarithmic over the first 3 days, and a 4- to 6-fold increase in — 


population was obtained over the 4-day period. For metabolic 


and other studies, cells from 2- to 3-day-old cultures (7.e. cells | 


in logarithmic growth phase), were used unless otherwise stated. 
Cells were harvested by centrifugation at 800 x g followed by 
resuspension in the medium under investigation. Population 
determinations were made by counting aliquot portions of the 
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suspensions in 0.2 X 0.0625-mm. Spiers-Levy hemocytometer 
chambers. 

The reducing sugars, glucose, mannose, glucosamine, galac- 
tose, fructose, sorbose, and maltose were determined by the color- 
imetric copper-reducing method of Nelson and Somogyi (10). 
Lactic acid was determined by the p-hydroxydiphenyl method 
of Barker and Summerson (11). Sorbitol, glycerol, and mannitol 
were determined by a method developed in these laboratories 
(12). The method is based upon periodate oxidation of the ter- 
minal primary hydroxyl groups, yielding formaldehyde, which 
is then determined colorimetrically by the phenylhydrazine-fer- 
ricyanide method of Kersey et al. (13). The procedure is suitable 
for 5 to 50 wg., and glucose and other medium constituents do 
not interfere. 


RESULTS 


Efforts were first directed towards growing the cells in a me- 
dium, preferably completely defined or defined at least insofar as 
the carbohydrate components were concerned. Exploratory ex- 
periments were carried out in roller tube cultures with the inten- 
tion of translating the results to the more quantitative tumble 
tube cell suspension technique when a suitable medium was 
found. The cells would not grow on the defined medium alone 
described by Eagle, and the effect of supplementing this defined 
medium with varying amounts of dialyzed and undialyzed serum 
protein was examined. The results of these experiments are 
summarized in Table I. It was found in this way that the sim- 
plest medium which was defined insofar as the sugar components 
were concerned, but which was commensurate with some growth, 
consisted of 10 per cent serum, dialyzed to remove glucose and 
lactate, together with 50 per cent Eagle’s medium and 40 per 
cent of Gey’s balanced salt solution. This medium, with the 
addition of 0.2 per cent glucose, was capable of supporting slow 
growth for an apparently indefinite period (at least 7 weeks). 
When glucose was omitted, the cells degenerated within 24 to 
48 hours. The growth rate at different glucose concentrations 
was determined with the partially defined medium. The results, 
shown in Fig. 1, indicate that a concentration of 0.2 per cent 
gives close to optimal growth. Subsequent experiments on glu- 
cose replacement were therefore carried out at this concentra- 
tion of the various sugars. 

Glucose Replacement Value of Different Sugars for Growth of 
MB ITT Cells—Cells and fluid from 3-day-old stock cultures were 
pooled and centrifuged. The supernatant medium was removed, 
and the cells were resuspended in the medium consisting of 10 
per cent dialyzed serum, Eagle’s medium (50 per cent; glucose 
free) and Gey’s balanced salt solution (40 per cent; glucose free). 
The medium was adjusted to pH 7.4 with 5 per cent CO2 before 
use. The suspension of cells was dispensed in equal amounts 
into roller tubes, and solutions of the particular sugars (Table 
IT) were added in a final concentration of 0.2 per cent. Tubes to 
which glucose or glucose-free balanced salt solution only was 
added were included as controls. The ability of a particular sugar 
to replace glucose was classified by microscopic observation only 
and upon the basis of good growth compared with that in the 
glucose control cultures, moderate growth, or merely prolonged 
survival over that observed for cells in the sugar-free control cul- 
tures. The lowering in pH shown by a vellowing of the phenol 
red indicator, and denoting the formation of metabolic lactate or 
carbon dioxide was also a useful criterion. The results of a num- 
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TABLE I 
Growth of MB IIT strain mouse lymphoblasts in different media 


Kach solution was made up to 100 per cent with Gey’s balanced 
salt solution. Roller tubes were inoculated with 1 million cells 
in 0.5 ml. of the test medium. Population determinations were 
made after 43 days of growth at 37° by counting aliquot portions 
of the suspended cells in hemocytometer chambers. 


Population 


Composition of growth medium (millions of cells) 


50% serum, 10% ox embryo extract....... 
10% serum, 3% ox embryo extract, 50% 

10% serum, 50° Eagle’s medium......... 
10% dialyzed serum, 50% Eagle’s medium. 
50% Eagle’s medium..................... 
10% dialyzed serum, 50° Eagle’s medium, 


> 
bo bo 


ao N 


CELLS PER ml. (Millions) 


290 
O 


<—- inoculum 


Oo 02 03 04 1.0 
GLUCOSE CONCENTRATION 

Fig. 1. Growth of MB III strain cells at different concentra- 
trations of glucose. Cells (0.7 million) were inoculated into tubes 
containing 50 per cent Eagle’s medium, 10 per cent serum and 40 
per cent Gey’s balanced salt solution. Sterile glucose solution 
was added to give the concentration indicated, in a final volume 
of 1 ml. Population determinations were made after 4 days of 
growth at 37°. 


ber of such experiments are recorded in Table II. In a number 
of our earlier experiments we used cells from 4- or 5-day-old stock 
cultures (z.e. cultures which had passed out of the logarithmic 
growth phase), if the cultures had a microscopically healthy ap- 
pearance. These cells, although morphologically indistinguisha- 
ble from 3-day-old cells, proved to have very different metabolic 
capabilities as shown by their growth responses to different sugars 
in the low protein medium. In general, such cells were much 
more susceptible to shock effects upon transfer to media low in 
protein (see below) and showed a more limited spectrum in their 
ability to utilize certain sugars for survival and growth than did 
cells in the logarithmic growth phase. In particular, cells in log- 
arithmic growth phase were able to grow on glucose, mannose, 
glucosamine, fructose, galactose, sorbitol, sorbose, glycerol, man- 
nitol, or lactic acid. For cells in the lag phase, only the first four 
of these compounds were uniformly growth-promoting. 
Measurement of Metabolic Quotients for Sugars—The test sys- 
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TaBLeE II 
Glucose replacement value of sugars and related compounds for 
survival and growth of MB IIT cells* 

Cells were grown in a glucose-free medium consisting of 50 per 
cent Eagle’s medium, 10 per cent dialyzed serum, and 40 per cent 
Gey’s balanced salt solution. Test compounds were added in a 
final concentration of 0.2 per cent. 


Sugar added Effect on survivalt 


* Compounds having no effect in the above system were p- and 
L-arabinose, a-methy! glucoside, p-ribose, p-xvlose, p-glucuronic 
acid, rhamnose, melibiose, cellobiose, lactose, sucrose, raffinose, 
myo-inositol, acetate, turtrate, citrate, dextran, amylodextrin 
(starch), and glycogen. 

+ +444, Growth comparable with glucose; ++, moderate 
growth; +, prolonged survival over that observed for cells in 
sugar-free controls. 


1040 glucose 
mannose 
960} fructose 
T 
640+ 

aid 

uJ 

z 480-1 

glucosamine 

= 

= 
~ 3201 glycerol 

fructose 

lactate 

or galactose 
j 

L-sorbose 

> 

mannitol 
O | 2 5 4 5 


TIME (days) 


Fig. 2. Utilization of sugars and related compounds by MB III 
cells growing inroller tubecultures. @,10 percent dialyzed serum 
medium and inoculum of 0.5 to 1.0 million cells per ml.; X, 30 per 
cent dialyzed serum medium and inoculum of 3.0 to 5.0 million 
cells per ml. Curves are adjusted to 1 million cells for compara- 
tive purposes. The gas phase in all experiments was 95 per cent 
QO. and 5 per cent CO». 
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tem was modified slightly and larger roller tubes of 50-ml. ca- 
pacity were used. The total volume of fluid was increased to 4 
ml., and up to 10 determinations of sugar utilization, lactic acid 
production, and cell population were made over a growth period 
of 4to 5days. <A gas phase of 95 per cent oxygen and 5 per cent 
carbon dioxide was maintained by flushing the tubes between 
readings with the gas mixture filtered through a sterile cotton 
plug. The experiments were carried out in two different media 
(Fig. 2). One series of determinations was made in a medium 
consisting of 50 per cent Eagle’s medium, 10 per cent dialyzed 
serum, and 40 per cent balanced salt solution. The population 
levels were from 0.5 to 1 million cells per ml. For those sugars 
with low rates of utilization the measurements were made in 30 
per cent dialyzed serum, 40 per cent Kagle’s medium, and 30 per 
cent balanced salt solution (with the higher serum concentration 
to nullify the shock effects in low protein; see below) and with a 
higher cell to medium ratio (3 to 5 million cells per ml.) in order 
to give increased sugar utilization during the experiment. In 
these high cell populations, although the initial rates of sugar 
utilization were the same as in the low, (Fig. 2), the rate fell off 
after the first 12 to 24 hours, probably because of the exhaustion 
of cofactors in the medium (see below). In the curves shown in 
Fig. 2 the data have been adjusted to 1 million cells for compara- 
tive purposes. The population increases were not as large as 
were observed in undisturbed cultures, mainly because of the me- 
chanical shaking necessary to disperse the cells before each popu- 
lation measurement. From the slope of the curves metabolic 
quotients were derived, expressed as micrograms of sugar uti- 
lized per million cells per hour. Similar quotients were also de- 
rived for lactic acid formation. These are shown in Table III. 

Protectwe Effect of Sugars against Mechanical Shock in Low 
Protein Media—In the course of experiments to develop a de- 
fined medium for growth of the cells, it was observed that the 


TABLE III 
Metabolic quotients of sugar utilization and lactic acid production 
for MB III strain growing in vitro 
The gas phase in all experiments was 95 per cent O2 and 5 per 
cent COs. 


| | Per cent 
Sugar Medium* Q-sugart Q-lactatet | conversion 
| into lactate 

p-Mannose. . 1 
p-Glucosamine. . l 8.0 6.0 | ri 
p-Galactose.......... 2 | 5.5 | 
2 2.5 
2.3 0 0 
pL-Lactie acid....... 2.2 | 
p-Mannitol.......... | 0.4 | | 0) 


* Maintenance media were 1, 50 per cent agle’s medium plus 
10 per cent dialyzed serum; 2, 50 per cent Eagle’s medium plus 30 
per cent dialyzed serum; both made to 100 per cent with Gey’'s 
balaneed salt solution. 

+ Q-sugar is expressed as micrograms of sugar utilized, and 
Q-lactate as micrograms of lactie acid formed per million cells per 
hour. Since 1 million cells average 0.22 mg., dry weight, the con- 
version factor to convert Q values to wg. utilized per mg., dry 
weight, per hour is 4.55. 
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viability of the cells as measured by the presence of degenerating 


forms was often very low after transfer from the high protein | 


medium used for growth of stock cultures to medium low in pro- 
tein. The effects were observed within a few hours of transfer 
and were therefore only indirectly related, if at all, to purely nu- 
tritional deficiencies in the medium. The effects were variable 
and depended upon a number of factors, the most important of 
which were the age of the cultures (7.e. whether in logarithmic 
growth at the time of transfer) and the amount of physical manip- 
ulation which the cells received during the transfer procedure. 
It was for these reasons that the medium finally used (10 per 
cent dialyzed serum), although satisfactory in the relatively qui- 
escent roller tube system, was totally unsuitable when used in 
the tumble tube cell suspension technique. It was also observed 
that the shock effect was much more pronounced in the glucose- 
free medium and that the addition of a sugar to the medium af- 
forded some protection. The order of protection decreased in 
the series in the order of glucose, mannose, glucosamine, fructose, 
sorbitol, glycerol, and mannitol. 

In order to put these results on a more quantitative basis the 
following experiments were performed. Cells from 4-day-old 
stock cultures (chosen so that the cells were in a semistarved state 
without reserves of endogenous substrates) were suspended in 
the low protein, glucose-free medium with a minimum of manip- 
ulation. The suspension containing | million cells per ml. was 
dispensed into roller tubes and the particular sugar was added 
in 0.2 per cent concentration. The tubes were rapidly agitated 
by incubation for 2 minutes in a roller drum turning at 30 
r.p.m. They were then returned to the conventional roller 
drum (12 r.p.h.) for 24 hours, at the end of which time the percent- 
age which had survived this treatment was determined. The 
results of these experiments are plotted in Fig. 3. It can be seen 
that the protection afforded by a sugar was approximately pro- 
portional to the logarithm of its metabolic quotient (Q). The ex- 
planation of this effect is probably a complex of many factors. 
For example, it is known that the surface tension of serum is an 
important factor in determining the stability of the cell mem- 
brane,! and considerable leakage of vital intermediates probably 
occurs in low protein medium. When a sugar with a high met- 
abolic quotient is present, these intermediates can probably be re- 
placed relatively rapidly; whereas when a compound which is 
metabolized relatively slowly is present, the rate of loss prob- 
ably exceeds the rate of resynthesis. These cofactors may also be 
needed for the initial stages in the utilization of the sugar itself, 
Which is probably the explanation for the inability of the cells 
taken from cultures in lag phase to grow on certain of the sugars 
(see above). For example, the initial rate of utilization of sor- 
bitol by cells in lag phase was only 1.0 ug. per million cells per 
hour, whereas in cells in the log phase of growth the rate was 2.4. 
The initial rate was also very dependent upon cofactors present 
in the medium (Table IV) and was increased 3-fold by the addi- 
tion of Kagle’s medium to the dialyzed serum. Since the rate 
of utilization of fructose was not affected, the reaction influenced 
here is probably the dehydrogenase step (Fig. 4). A similar ef- 
fect is probably the explanation for the variable responses noted 
by Eagle (4) for growth of three human cell strains on ribose. 
The variability in this case was overcome by the addition of py- 
ruvate. 3 

Changes in Metabolic Quotients with Time of Growth on Different 


'J. M. Bailey and G. O. Gey, unpublished data. 
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Fic. 3. Survival of MB III cells after mechanical shock in low 
protein medium as related to the sugar present in the medium. 
Cells were transferred to the low protein glucose-free medium and 
the particular sugar was added in a final concentration of 0.2 per 
cent. After rapid agitation for 2 minutes the cells were returned 
to a quiescent svtem for 24 hours, at the end of which time the 
percentage which had survived the treatment was determined. 


TaBLe IV 
Utilization of sorbitol and fructose in different media 

Cells (1 million) taken from cultures in the logarithmic growth 
phase were incubated in balanced salt solution containing sorbitol 
or fructose, with the additions described below, in a final volume 
of 1 ml. IKagle’s medium was added in a final concentration of 
40 per cent. Portions (0.2 ml.) were removed at intervals for 
determination of sorbitol or fructose utilization. 


| Sorbitol utilized Fructose utilized 
Medium 
| 16 hrs. 90 hrs. 16 hrs. | 90 hrs. 
Eagle’s medium alone... 38) 67* ! 
10°¢ dialyzed serum plus | | 
Eagle’s medium...... | 51 _ 188 102 | 395 


* Cells dead in 3 days without serum. 


Sugars—Since cells were able to survive on the glucose-free me- 
dium for periods up to 48 hours, it is concluded that no adaptive 
effects of sufficient magnitude to affect survival could have oc- 
curred during this interval with any of the 19 compounds listed 
below Table II. For compounds which were utilized with subop- 
timal rates, with the exception of glycerol, the rate of utilization 
decreased with time of incubation over a 5-day period (Fig. 2). 
With sorbitol the rate fell from an initial value of 2.4 ug. per 
million cells per hr. to 1.0 after 24 hours. No increase in this 
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CH,0H CH, OH CH, OH CH, OH 
HOCH HOCH HOCH £2H HOCH 
HCOH HCOH HCOH 
HOCH HCOH HCOH HCOH 
CH, OH CH,OH CH,OH CH, OH 
L - SORBOSE D - SORBITOL D- FRUCTOSE D- MANNITOL 
CHO CHO 
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HCOH : HCOH HOCH 
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HCOH GLYCEROL 4 
HOCH | 
| fructose 6-PO, < 
glycero- 
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CH,OH | 
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Fic. 4. Schematic representation of structural relationships among sugars utilized by MB III strain growing in vitro. 


Minor 


and alternative routes, such as the phosphogluconate ‘shunt’, are not shown, since the measured metabolic quotients indicate that 
in this system glucose is metabolized almost exclusively via the glycolytic evele. 


rate was noted even after 35 days of cultivation on the medium 
containing sorbitol (Table V). For glycerol the initial rate was 
1.0, but this began to increase after 3 or 4 days and reached an 
apparently maximal value of 4.1 after 12 to 34 days of cultiva- 
tion on glycerol medium. That these changes were not related 
to any selection process was shown by the following experiments. 

Cells taken from cultures in lag phase were subjected to me- 
chanical shock in low protein medium containing sorbitol or glyc- 
erol in a manner previously described. The cultures were main- 
tained in the low protein medium for 6 days until no viable cells 
were visible in a control sugar-free medium which had been sub- 
jected to the same treatment. At this time (when approximately 
20 per cent of the initial population remained) the cultures were 
transferred to the stock 50 per cent serum medium with glucose 
and were allowed to repopulate. The cells resulting from this 
artificially imposed selection process exhibited the same meta- 
bolic capabilities towards sorbitol and glycerol as the original un- 
treated cells. In addition, cells from cultures which had been 
growing on glycerol for 35 days were transferred to the stock 50 
per cent serum medium containing glucose and were grown for 
3 days. At the end of this time they metabolized glycerol only 
at the same rate as control untreated cultures. The mechanism 
of the apparent adaptive effect with glycerol is being further in- 
vestigated. 


DISCUSSION 


The MB III cell has a typical tumor cell metabolism as the 
high values for the aerobic glycolysis indicate (Table IIT). This 


strain was originally derived from a tumor, but has since lost its 
ability to produce a tumor in mice (5). This behavior is similar 
to that observed for some other cell strains (14, 15). 

Although many of the common dietary sugars and two of the 
constitutive sugars (ribose and glucuronic acid) were inactive 
in the test system used, the MB III cell proves to have quite an 
appreciable array of compounds which it can utilize in place of 
glucose. It should be noted here that the activity of a sugar in 
this system necessarily implies that the cell is able to metabolize 
this sugar, but that the converse is not strictly true. It may also 
mean that the particular sugar is metabolized at too low a rate 
to have any noticeable effect in increasing viability or that it is 
metabolized by some pathway which makes it inaccessible to the 
major glycolytic and oxidative systems of the cell. Those sugars 
which were able to replace glucose, the structural relationships 
among them, and the probable mode of entry into the glvcolvtic 
evele are shown in Fig. 4. Minor and alternative routes for glu- 
cose such as the phosphogluconate shunt are not included, since 
the metabolic quotients for sugar utilization and lactic acid pro- 
duction and subsequent utilization (Table III) indicate that in 
this system glucose is metabolized almost exclusively via the gly- 
colytic cycle. The cells metabolize the lactic acid formed at an 
appreciable rate, and in the absence of glucose can grow on this 
alone. Only those sugars which are metabolized at a greater 
rate than lactate (glucose, mannose, glucosamine, and fructose) 
produce any lactic acid. For these sugars the net lactate pro- 
duced, within the experimental error, is equal to the difference 
in the rate of utilization of the sugar and the rate at which lactate 
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itself (measured in an independent experiment) is utilized. This 
may be interpreted to mean that the cells have a certain back- 
ground oxidative capacity with a Q of about 2. For any sugar 
which is able to enter the cell glycolytic pathway with a Q greater 
than 2, the difference will appear as a net lactate production. 
For those compounds with a Q of less than 2 there will be no net 
lactate production, since the cell can now handle them entirely 
by the oxidative stage. 

None of the disaccharides (except maltose) so far tested was 
capable of replacing glucose in the 10 per cent dialyzed serum 
medium. Maltose prolonged the survival over that observed in 
sugar-free medium and in 30 per cent dialyzed serum medium 
was utilized with a Q of 2.5. However it is probable that this 
merely reflects hydrolysis to glucose brought about by an amylo- 
glucosidase which was shown to be associated with the dialyzed 
serum protein used in the growth medium. Reports on the uti- 
lization of disaccharides and sugar phosphates (4) in media con- 
taining dialyzed serum may possibly be subject to a similar lim- 
ited interpretation. 

Glucosamine is converted into lactic acid in 75 per cent yield. 
It seems probable therefore that glucosamine is deaminated or 
transaminated at C-2 giving glucose directly. Both p-sorbitol 
and p-mannitol by dehydrogenation at C-2 give fructose (Fig. 4) 
which then enters the Embden-Meyerhof glycolytic cycle under 
the action of a nonspecific hexokinase. Galactose probably en- 
ters by the galactose inversion enzyme system giving glucose di- 
rectly, and mannose, by phosphorylation to mannose 6-phosphate 
followed by isomerization to fructose 6-phosphate. The most 
probable pathway for glycerol is phosphorylation to a-glycero- 
phosphate followed again by a dehydrogenation step, and en- 
trance into the glycolytic cycle as glyceraldehyde 3-phosphate. 
Enzymes catalyzing these various steps have been found in mam- 
malian tissues. The general pattern of the carbohydrate me- 
tabolism seems to indicate a widespread and relatively nonspecific 
dehydrogenase activity on the part of the MB III cell. 


SUMMARY 


1. The growth of a strain of mammalian cells (the MB III 
strain of mouse lymphoblasts) was examined in different media, 
chiefly in roller tubes. The cells could be grown indefinitely in 
Eagle’s synthetic medium supplemented with 0.7 per cent di- 
alyzed serum protein and glucose. When glucose was omitted 
the cells degenerated within 24 to 48 hours. 

2. A series of sugars and related compounds at a level of 0.2 
per cent was examined for ability to replace glucose in this sys- 
tem. pD-Mannose, p-glucosamine, D-fructose, D-galactose, D- 
sorbitol, glycerol, L-sorbose, DL-lactic acid and D-mannitol were 
active but in varying degree. pb-Arabinose and L-arabinose, a@- 
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TABLE V 
Changes in rate of utilization of sorbitol and glycerol during growth 


Cells were taken from stock cultures in logarithmic growth 
phase and were transferred to the test medium consisting of 10 
per cent dialyzed human placental cord serum, 40 per cent Eagle’s 
medium, and 50 per cent, glucose-free, balanced salt solution, to- 
gether with sorbitol or glycerol in a concentration of 0.1 per cent. 
Cultures were treated, usually at weekly intervals, by removing 
half of the old fluid and adding fresh medium. At the times indi- 
cated, determinations of sorbitol or glycerol utilization were made 
over a 24-hour period, and the cell population was determined. 


Rate of utilization* 
Days of growth on medium 
Glycerol Sorbitol 
pug./millton cells /hr. 
0 0.9 (1.1, 0.7,0.8) | 2.4 (20, 21, 2.5, 
2.9, 2.3) 
1 1.0 1.0 (0.7, 1.0, 1.2) 
2 1.0 0.9 (0.6, 0.7, 1.0, 
1.2) 
4 2.2 
0.75 
6 2.0 (1.3, 2.7) 0.85 (0.75, 0.9) 
7 1.25 
10 2.4 0.75 
1] 1.2 
12 4.0 1.1 
23 3.4 
34 4.1 
35 1.0 


* Figures in parentheses are individual values obtained with 
different batches of cells and show the variations encountered. 


methyl glucoside, D-ribose, D-xylose, p-glucuronic acid, L-rham- 
nose, melibiose, cellobiose, lactose, sucrose, raffinose, myo-inosi- 
tol, acetate, tartrate, citrate, dextran, amylodextrin (starch), 
and glycogen were inactive. 

3. Average Q values (micrograms of sugar utilized per million 
cells per hour) together with lactic acid production were measured 
for each sugar over a prolonged growth period. No adaptive ef- 
fects were noted for any of the compounds tested with the pos- 
sible exception of glycerol. 

4. The percentage survival of the cells after subjection to the 
mechanical shock of rapid rotation in a roller tube in media low 
in protein was found to be approximately proportional to the 
logarithm of the metabolic quotient of the particular sugar pres- 
ent. A possible explanation of this effect is discussed. 

5. The cells have retained a typical tumor glycolysis pattern, 
although they have lost the ability to produce a tumor in mice. 
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A number of studies have brought to light the fact that sub- 
stitution of fructose for glucose as the sole carbohydrate in a 
diet results in a profound change in the metabolic behavior of an 
animal. Thus, the ability of the liver of a glucose-fed, diabetic 
rat to convert acetate carbon to fatty acids is considerably im- 
paired (1), but when the glucose of the animal’s diet is replaced 
by fructose, hepatic lipogenesis from acetate is restored to normal 
(2). Later studies of Hill et al. (3, 4) revealed that normal rats 
and dogs fed a diet containing 58 per cent fructose as sole carbo- 
hydrate develop an impaired capacity for utilizing glucose. In 
order to localize the site of defective glucose utilization in the 
fructose-fed rat, Hill et al. (3) compared glucose-fed and fructose- 
fed rats with respect to (a) oxidation of C'-glucose to COs by 
kidney and brain slices; (6) glucose uptake by the diaphragm; 
and (ce) conversion of C-glucose and C'-fructose to COs, fatty 
acids, and glycogen by slices prepared from the livers of these 
rats. Fructose feeding did not alter the oxidation of glucose to 
CQO, by kidney and brain, nor the uptake of glucose by the dia- 
phragm. The liver was the only tissue in which an alteration in 
metabolic pattern was found after fructose feeding. Impaired 
glucose utilization has also been observed in the livers of human 
subjects fed fructose (5). 

The mechanism by which fructose feeding induces a metabolic 
change in the liver is not known. The loss in the liver’s capac- 
ity to utilize glucose, observed in normal rats fed fructose, is not 
the result of an insulin lack, for the injection of insulin subcutane- 
ously for 3 days failed to increase that capacity (3). To further 
our understanding of the effects of fructose feeding we have 
studied glycolytic! enzyme activities of livers of normal rats 
fed fructose or glucose as sole carbohydrate in the dict. 


EXPERIMENTAL 


Treatment of Animals 


Male Long-Evans rats were raised and maintained on an ade- 
quate stock diet (Labration, Diablo Animal Laboratories, Berke- 
ley) which contained about 25 per cent protein, 5 per cent fat, 
and 46 per cent carbohydrate. Ground whole wheat provided 
the chief source of this carbohydrate. Two synthetic diets, one 
containing 60 per cent glucose and the other 60 per cent fructose, 
were fed for exactly 3 days before the rats were killed. The 
composition of the hexose diets is given elsewhere (6). 


* Aided by a grant from the National Science Foundation. 

1 The terms, ‘glycolytic’? and ‘‘glycolysis,’’ are used in this 
report to refer to glucose catabolism regardless of pathways in- 
volved. 


Enzyme Assays 


The rats were killed by a blow on the head. Their livers were 
rapidly excised and weighed, and 1-gm. portions were transferred 
to a cold Potter-Elvehjem homogenizing tube. Three ml. of 
an ice-cold 0.25 mM sucrose solution were added, and the mixture 
was homogenized for 1 minute by 12 excursions of a loosely- 
fitting pestle rotated at 350 r.p.m. The resulting homogenate 
was centrifuged at 100 * g for 10 minutes to remove nuclei and 
cellular debris. The cell-free, cytoplasmic suspension forming 
the supernatant layer was used for enzyme assays throughout. 
Except for weighing and homogenization, all procedures preced- 
ing incubation of the enzyme preparation were performed at O°. 

Phosphoglucomutase—This enzyme was assayed by a modifica- 
tion of the method of Najjar (7) in which the rate of disappear- 
ance of the easily hydrolyzable glucose 1-phosphate is determined. 
Of the tissue suspension 0.1 ml. was added to a test tube contain- 
ing 1 ml. of 0.02 m glucose 1-phosphate in saturated (at 0°). 
Veronal buffer (pH 7.8) and 0.1 ml. of freshly prepared 0.2 m 
solution of cysteine. The reaction was carried out at 37°. Two 
0.1-ml. aliquots of the reaction mixture were removed immedi- 
ately after the addition of the tissue suspension and at intervals 
of + or 5 minutes thereafter. 

One 0.1-ml]. aliquot was mixed with 0.9 ml. of 8 N HoSO, and, 
after centrifugation of the mixture a 0.5-ml. portion of the super- 
natant was heated for 1 minute at 100° to hydrolyze remaining 
glucose 1-phosphate. Its inorganic phosphate content was then 
determined. 

The other 0.1-ml. aliquot was added to 0.9 ml. of ice-cold 4 N 
H.SOx,, and after centrifugation at 0° inorganic phosphate of the 
mixture was determined on a 0.5-ml. sample of the supernatant 
laver. 

A 50-uv). aliquot was taken from each incubation mixture for 
protein determination. 

Dilution of the sulfuric acid below 4 N fails to deproteinate 
the samples sufficiently to prevent interference in the subsequent 
phosphate analysis. An increase in either the normality of the 
acid or the temperature of the mixture causes considerable hy- 
drolysis of glucose 1-phosphate. At room temperature, 4 N 
H.SO, was found to hydrolyze 30 per cent of the glucose 1-phos- 
phate in 1 hour; 8 N acid at 0° hydrolyzed 6 per cent in 1 hour. 
When the precaution of using 4+ N HeSO, at 0° was taken, no 
measurable increase in inorganic phosphate was found during 
incubation, and glucose 1-phosphate disappeared at a constant 
rate for not less than 10 minutes. 

A 4-fold increase in the concentration of the enzyme prepara- 
tion gave the same initial rate of disappearance of glucose 1-phos- 
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phate per mg. of liver protein, but the rate did not remain linear 
for the entire 10 minutes. 

There was no change in glucose 1-phosphate concentration 
when heat-denatured enzyme was used. 

It should be noted that the glucose 1 ,6-diphosphate cofactor 
was not added to the mutase assay system. Bodansky (8) re- 
cently reported that this cofactor is not present in liver in suff- 
cient concentration to insure maximal enzyme activity. 

Glucose 6-Phosphatase—The method used was a modification 
of that described by Langdon and Weakley (9). The reaction 
was run at 37°. Of the cytoplasmic suspension 0.1 ml. was trans- 
ferred to a tube containing 1.0 ml. of 0.02 m glucose 6-phosphate 
made up in 0.05 M maleate buffer of pH 6.8. Immediately there- 
after and at intervals of 4 or 5 minutes, 0.2 ml. of the incubation 
mixture was withdrawn and added to 0.8 ml. of 8 N HSOsx. 
After centrifugation of the mixture, a 0.5-ml. aliquot was taken 
for inorganic phosphate determination. 

A 50-ul. aliquot was removed from each incubation mixture 
for protein determination. 

It was found that a 2.4-fold increase in enzyme concentration 
did not alter the linearity of the reaction over a 10-minute inter- 
val. No measurable loss in enzyme activity occurred during 
storage of the tissue fraction at 0° for 8 hours. 

6-Phosphoglucose Isomerase—This enzyme was assayed by a 
modification of the method of Bruns and Hinsberg (10), in which 
the rate of disappearance of fructose 6-phosphate is determined. 
To a tube containing 0.2 ml. of 0.04 m fructose 6-phosphate and 
2 ml. of saturated (at 0°) Veronal buffer (pH 7.8) were added 10 
pl. of the tissue fraction. The reaction was carried out at 37°. 
Immediately after the addition of the cytoplasmic suspension, 
and at intervals of 4 or 5 minutes thereafter, 0.1-ml. aliquots of 
the incubation mixture were withdrawn and added to 3 ml. of 30 
per cent HCl, for fructose determination. An aliquot of 1.0 ml. 
was also taken from each incubation tube for protein determina- 
tion. 

Removal of fructose 6-phosphate was constant for a period of 
not less than 10 minutes. Less than 3 per cent loss in enzymatic 
activity was observed when the tissue preparation was stored for 
5 days. 

6-Phosphogluconate Dehydrogenase—This enzyme was assayed 
by a modification of the method of Glock and MeLean (11), in 
which the rate of TPNH formation is measured. Twenty ul. of 
the liver preparation were added to a cuvette containing 3.0 ml. 
of 0.25 m glycylglycine buffer (pH 7.6), 0.1 ml. of 0.1 m MgCly, 
and 25 ul. of 0.2 m 6-phosphogluconic acid. The reaction was 
started by the addition of 100 wl. of a 1.0 per cent TPN solution. 
A blank, run simultaneously, was identical in composition to 
the above sample except for the omission of the 6-phosphoglu- 
conic acid. The rate of reduction of TPN was followed at 340 
mu with a Beckman DU spectrophotometer. The difference 
between blank and sample was linear, with respect to time, for at 
least 20 minutes. 

The TPN concentration was 5 times that used by Glock and 
McLean (11) because we found that, at their reeommended level, 
the rate of TPN reduction was dependent upon the TPN concen- 
tration. 

6-Phosphoglucose Dehydrogenase—The assay (11) for this en- 
zyme was exactly the same as that for phosphogluconate dehydro- 
genase except for the addition of 25 ul. of. 0.2 m glucose 6-phos- 
phate to the incubation mixture. The resulting rate of TPN 
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production is therefore the sum of the activities of phospho- 
glucose dehydrogenase and phosphogluconate dehydrogenase. 
Upon subtracting from this sum the activity previously found for 
the phosphogluconate dehydrogenase alone, the activity of phos- 
phoglucose dehydrogenase is obtained. No change oecurred in 
TPNH concentration when heat-denatured enzyme was used, nor 
did optical density change when either TPN or glucose 6-phos- 
phate plus 6-phosphogluconic acid was omitted. 


Chemical Analyses 


Phosphate—Phosphate was determined by the method of Fiske 
and SubbaRow (12). Because this procedure calls for sulfuric 
acid in the color development, this acid was also used for de- 
proteination. Sulfuric acid, 8 N, was used except when it was 
important to prevent the hydrolysis of glucose 1-phosphate, in 
which case 4 N sulfuric acid at 0° was used for protein denatura- 
tion. 

Fructose—Fructose was measured by Roe’s method (13). It 
was found, as stated by Slein (14), that the samples do not need 
deproteination for this determination. Fructose 6-phosphate, 
as obtained from Schwartz Manufacturing Company, gave a 
value 0.68 times that of fructose on a molar basis. Umbreit 
(15) gives 0.61 as the conversion factor. 

Glucose—Heparinized blood samples were deproteinated with 
10 per cent trichloroacetic acid; the mixture was then centri- 
fuged, and aliquots of the supernatant layer were neutralized with 
NaOH. The glucose was determined by use of a notatin prep- 
aration supplied by Worthington Biochemical Corporation. 
This procedure is based upon the methods of Keston (16) and 
Teller (17). 

Protein—Protein was determined by a modified tyrosine assav 
based on the procedure of Lowry et al. (18). 

Nucleotide Reduction—Assays of triphosphopyridine nucleo- 
tides were determined by following the optical density at 340 
my in the Beckman model DU spectrophotometer. Horecker 
and Kornberg’s (19) extinction coefficient of 6.22 * 10® cm? per 
mole was used in the calculations. 


RESULTS 


Enzyme activity was calculated as micromoles of substrate 
utilized or as micromoles of a product formed per minute per 
gm. of liver protein (specific activity), per unit weight of liver, 
and per unit weight of the animal. The results are expressed as 
specific activities in Table I. 

The significance of the differences among the various diet 
groups was measured by the rank-sum test (20). This test is 
valid under more general conditions than is the usual signifi- 
cance test, and has practically the same discriminatory power. 
A difference is said to be statistically significant if it occurs less 
than 5 per cent of the time by chance alone. 

Phosphoglucomutase—The feeding of the 60 per cent glucose 
diet did not significantly change the level of activity of this en- 
zyme (Table 1). The results of feeding the 60 per cent fructose 
diet varied, depending upon which measure of enzyme activity 
was used. The measurement per unit weight of liver showed a 
significant decrease. The specific activity measure showed a 
significant decrease from the level observed in the glucose group, 
but not from the level observed in the “Labration” group. 

Glucose 6-Phosphatase—The chief source of carbohydrate in 
the Labration diet is whole ground wheat, and this diet contains 
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TABLE I 
Effect of diet on glycolytic enzyme activities of normal rat liver 
The averages of the specific activities and their standard errors are given below. Each figure in parentheses is a percentage of the 


corresponding average for the Labration-fed rats. 


Labration 60 Per cent glucose 60 Per cent fructose 
Enzyme 
No. of rats Specific activity No. of rats Specific activity No. of rats Specific activity 
Phosphoglucomutase ................. 9 160 + 4.2 (100) 7 180 + 3.3 (110) 6 150 + 3.6 (94) 
Glucose 6-phosphatase................ 9 29 + 1.1 (100) 7 32 + 2.0 (110) 6 42 + 0.5 (140) 
Phosphoglucose isomerase............ 6 580 + 28 (100) 7 750 + 52 (130) 7 980 + 110 (170) 
Phosphoglucose dehydrogenase........ 8) 6.6 + 0.5 (100) 7 42 + 2.7 (640) 6 66 + 7.2 (1000) 
Phosphogluconate dehydrogenase . . 7 17 + 0.9 (100) 4 31 + 3.6 (180) 4 48 + 16 (280) 


no free hexose. The feeding of the 60 per cent glucose diet did 
not change the level of activity of glucose 6-phosphatase from 
that found in the liver of the Labration-fed rat. 

The feeding of the 60 per cent fructose diet resulted in a sig- 
nificant increase in the liver weights of the normal rats and also 
in the level of glucose 6-phosphatase activity of this organ. 
Similar responses to sucrose feeding were reported by Freedland 
and Harper (21-23). 

Phosphoglucose Isomerase—-The substitution of the 60 per cent 
glucose diet for the Labration diet resulted in a small increase in 
the level of activity of this enzyme, which was significant only 
when measured with respect to liver protein. The feeding of the 
60 per cent fructose diet induced a significant increase in the level 
of isomerase activity over that in the Labration group. The 
increase over the level in the 60 per cent glucose group was of 
borderline significance. 

Dehydrogenases—Both hexose-containing diets induced remark- 
able increases in the activity levels of phosphoglucose dehydro- 
genase and phosphogluconate dehydrogenase in the normal rat 
liver. The effect of the fructose, however, was much more pro- 
nounced than that of the glucose. 


DISCUSSION 


In order to throw light on the mechanism responsible for the 
changed metabolic behavior of the liver of the fructose-fed ani- 
mal, we compared the levels of five glycolytic enzymes namely, 
phosphatase, mutase, isomerase, and the dehydrogenases of glu- 
cose 6-phosphate and 6-phosphogluconic acid, in the livers of 
glucose-fed and fructose-fed rats. No evidence was found for a 
decline in activity of any of these five enzymes in the liver of the 
fructose-fed rat. Indeed, in the case of four of the enzymes, the 
levels of activities in the livers of the fructose-fed rats exceeded 
those in the glucose-fed rat. These studies on the quantitative 
aspects of hepatic activities are consistent with our earlier view 
that glucose utilization in the liver of the fructose-fed rat is 
blocked at its initial phosphorylation. Although we invoked the 
idea that the activity of the hepatic glucokinase system is im- 
paired by prolonged fructose feeding (3), it is not possible at this 
time to distinguish between a defect in this enzyme system and 
in the mechanism responsible for bringing glucose to the site of 
glucokinase action in the cell. 

Tepperman and Tepperman (24, 25) found that a high carbo- 
hydrate diet increased the combined activities of the two dehy- 
drogenases in the rat liver. This finding is confirmed here, and 
it is shown, in addition, that the activities of both glucose 6-phos- 
phate dehydrogenase and 6-phosphogluconate dehydrogenase are 


increased by hexose feeding. In the case of the glucose-fed rat, 
a 6-fold increase in phosphoglucose dehydrogenase activity and 
a 2-fold increase in phosphogluconate dehydrogenase activity 
were noted here. The response of these two enzymes to fructose 
was far greater than that which followed glucose feeding, a 10- 
fold increase for phosphoglucose dehydrogenase and a 3-fold in- 
crease for phosphogluconate dehydrogenase. 

A more pronounced response to fructose- than to glucose-feed- 
ing was observed, not only in the case of the dehydrogenases but 
also in two other enzyme systems, 2.e. glucose 6-phosphatase and 
isomerase. The liver removes a major part of absorbed fruc- 
tose from portal blood (26) and converts it to glucose. The ob- 
served increases in isomerase and phosphatase activities in the 
fructose-fed rat may therefore represent an adaptive response to 
an augmented burden on the system converting fructose to glu- 
cose. At this time we have no explanation for the greater ac- 
tivity levels of the dehydrogenases in the livers of the fructose- 
fed rat. 


SUMMARY 


1. The activities of phosphoglucomutase, glucose 6-phospha- 
tase, phosphoglucose isomerase, and the dehydrogenases of 6- 
phosphogluconate and glucose 6-phosphate were measured in 
the livers of normal rats that were (a) reared and maintained on 
an adequate stock diet which contained no free hexoses and in 
which whole ground wheat was the principal source of carbohy- 
drate, and (b) transferred for 3 days to two synthetic diets in 
which 60 per cent glucose or fructose constituted the sole carbo- 
hydrate source. The values for enyzme activity observed with 
the stock diet served as a base line for comparison of the glucose 
and fructose effects. 

2. When the hexose-containing diets were substituted for the 
stock diet, the activities of isomerase and of both dehydrogenases 
were augmented, but the response to fructose feeding exceeded 
by far that observed with glucose. Only the fructose diet aug- 
mented the phosphatase activity, whereas neither diet affected 
the mutase activity. 

3. An adaptive response in the hepatic system converting 
fructose to glucose is suggested to explain the increased phospho- 
glucose isomerase and glucose 6-phosphatase activities in the 
fructose-fed rats. 

4. Since the feeding of the 60 per cent fructose diet failed to 
bring about a decrease in the activities of any of the five en- 
zymes studied here, the conclusion is drawn that the loss in ca- 
pacity to utilize glucose observed in the fructose-fed rat results 
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from either a decrease in the glucokinase activity of the liver or 
an interference in the mechanism responsible for transporting Biostatistical Department for assistance in evaluation of the 
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In 1954 Christie and Judah (3) in a study of the mechanism 
of action of carbon tetrachloride advanced the view that the pri- 
mary locus of action of this hepatotoxin was the membranes of 
the liver mitochondria. Dianzani (4-6) showed that after car- 
bon tetrachloride or phosphorus poisoning or after a choline de- 
ficient diet, there was evidence for uncoupling of oxidative phos- 
phorylation, loss of mitochondrial pyridine nucleotides, and 
lowering of the liver content of adenosine triphosphate. Dian- 
zani suggested that the key lesion in toxic and nutritional fatty 
liver involved a loss of mitochondrial function, leading primarily 
to a lowering of the supply of adenosine triphosphate, and sec- 
ondarily to a failure of the fatty acid activation reaction, thus 
accounting for the increase in liver fat on the basis of a failure of 
fat oxidation. The central question addressed by the experi- 
ments reported in this communication is the following. Can the 
characteristic increase in liver fat occurring in carbon tetrachlo- 
ride fatty liver be accounted for by a primary degeneration of 
the liver mitochondria? The theoretical position taken on this 
question was a simple one. If the increase in fat is due ulti- 
mately to loss of those phases of cellular metabolism sustained 
by the mitochondria, then clear cut evidence of the failure of the 
relevant mitochondrial functions should appear before the in- 
crease in fat. The experimental approach was therefore sim- 
plified to a correlation in time of the first appearance of mito- 
chondrial degeneration with the time of onset of the fatty 
changes. Although confirming some of the previous findings, 
the main hypothesis, viz. that increased liver fat depends on a 
primary loss of mitochondrial function, has not been confirmed. 
Supporting experimental data on the effects in vitro of carbon 
tetrachloride and other fat solvents on mitochondrial and micro- 
somal enzyme systems are included. 


EXPERIMENTAL 


Male rats (the Holtzman Company) 200 to 300 gm. were used. 
Food was withdrawn 12 hours before carbon tetrachloride feed- 
ing. In most experiments, carbon tetrachloride in a 1:1 mixture 
with mineral oil was introduced into the stomach under light 


* This investigation was supported by research grants Nos. 
A-329 (C2, C3, C4) and A-1489 from the National Institute of Ar- 
thritis and Metabolic Diseases, National Institutes of Health, 
United States Public Health Service. Preliminary reports of 
some of this work have been published (1, 2). 

7 Senior Research Fellow (SF-163), National Institutes of 
Health, United States Public Health Service. 

t Present address, University Hospitals, Cleveland, Ohio. 


ether anesthesia via intubation at a dose of 0.5 ml. of the mixture 
per 100 gm. of body weight. For experiments in vitro on normal 
mitochondria, the rats were fed ad libitum. The animals were 
killed by cervical section and exsanguinated. The liver was 
homogenized with a Lucite homogenizer of the Potter-Elvehjem 
type in 0.25 mM sucrose at 0-2°. This medium was used through- 
out, except where noted. The nuclear fraction was removed by 
centrifugation at 600 X g for 12 minutes (International table 
model centrifuge, head No. 213 or 215) and washed once. The 
nuclei-free homogenate was centrifuged for 12 minutes at 
10,000 x g (Spinco preparative ultracentrifuge, model L, head 
SW 25.1) or at 7,000 X g (American Instrument Company angle 
centrifuge, tube angle 32°). The procedure adopted regarding 
removal of the fluffy layer is indicated along with the pertinent 
data. 

Analytical Procedures—Two mitochondrial function tests were 
used to detect mitochondrial damage subsequent to carbon tetra- 
chloride feeding. One consisted in measuring the rate of oxida- 
tion of a-ketoglutarate or glutamate in the presence and in the 
absence of DNP.!. By measuring the rate of oxygen uptake in 
the presence of DNP, the maximal uncoupled rate is obtained. 
Failure to observe an increase in rate due to DNP is taken as a 
positive index of mitochondrial damage. A similar approach has 
been taken by Parker (7). Oxygen consumption measurements 
were carried out in conventional Warburg vessels with 0.2 ml. of 
20 per cent KOH in the center well. As will become evident, 
the interpretation of the action of carbon tetrachloride in vivo, 
insofar as pyridine nucleotide dependent oxidations of the mito- 
chondria are concerned, is critically dependent upon the condi- 
tions of measurement. For this reason, details of the conditions 
of measurement are given with the experimental data. 

The second mitochondrial function test system employed in 
this study is the ATPase transformation test previously described 
only in abstract form (1, 2,8). This test system depends on the 
characteristic transformation in ATPase properties associated 
with degenerative morphological changes in isolated rat. liver 
mitochondria. High Mg*++-dependent ATPase activity is char- 
acterisitic of mitochondria which have been subjected to any of 
a wide variety of physical treatments such as blending, aging, 
hypotonicity, freezing and thawing, heating, and surface active 


1The abbreviations used are: EDTA, ethylenediaminetetra- 
acetate; Tris, tris(hydroxymethyl)aminomethane; DNP, 2,4-dini- 
trophenol; Pj, inorganic orthophosphate. An equivalent milli- 
gram (eq. mg.) of anv Isolated cell fraction is the total amount of 
that fraction obtained from 1 mg. wet weight of whole liver. 
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agents. In general, these procedures lead to irreversible mito- 
chondrial damage, recognized biochemically as the appearance of 
hitherto latent Mgt+-activated ATPase activity. Hunter (9), 
Potter and Recknagel (10), Lardy and Wellman (11), and others 
have shown that there is a DNP-activated ATPase associated 
with intact mitochondria. Although widely studied, the nature 
of the relationship between the two systems remains obscure. 
Differences in the properties of the DNP-ATPase of intact mito- 
chondria as compared to the Mg++-ATPase of physically altered 
mitochondria suggests that there are at least two ATPases. 
Myers and Slater (12) have suggested the existence of four. One 
view (13) holds that there is only one mitochondrial ATPase, 
but that its properties change with progressive mitochondrial 
deterioration. Regardless of the question as to whether there 
is one or more than one mitochondrial ATPase, the shift in prop- 
erties associated with degenerative morphological changes pro- 
vides the basis for a test for mitochondrial damage. The test sys- 
tem does not depend on the ultimate number of mitochondrial 
ATPases, nor on an understanding of the inner mechanisms of 
the reactions. The test system used depends on the distinctive 
properties of the DNP-ATPase as compared to the divalent 
metal-activated enzyme.2. The test system consists in measur- 
ing both mitochondrial DNP-ATPase and Mg*++t-ATPase ac- 
tivity. An essential feature of the test is the use of EDTA to 
chelate divalent metals in the assay for DNP-ATPase. The 
DNP-ATPase does not require added Mg++ (8,12). By carrying 
out the assay for this enzyme in the presence of EDTA, an esti- 
mate of residual DNP-ATPase activity is possible under condi- 
tions in which some Mg++-ATPase activity has been activated. 
The time of appearance of a depressed DNP to Mg++-ATPase 
ratio in vivo is taken as evidence for the onset of mitochondrial 
degeneration. The final conditions for the ATPase transforma- 
tion test system are as follows: for the DNP-ATPase, 6 umoles 
of ATP (erystalline Na. ATP-4H.O, Sigma, neutralized to pH 
7.4 with KOH); 30 umoles of Tris, pH 7.4; 325 umoles of sucrose, 
final volume 1.5 ml.; 3 &K 10-5 mM DNP as activator; and 20 min- 
utes of incubation at 30°. In addition, the DNP-ATPase assay 
contains 2 umoles of EDTA, at pH 7.4. Forthe Mgt+t+-activated 
ATPase, the conditions are the same except DNP and EDTA 
are omitted, and MgCl. is added to a final concentration of 0.002 
M. In some experiments, the Mg*+t-activated ATPase was 
measured at pH 8.5. This variation is not critical. Measure- 
ment at pH 7.4 is preferable, since the increase in activity on 
addition of Mg++ is greater at 7.4, because of higher endogenous 
activity at pH 8.5. For both assays, 12.5 eq. mg.! of mitochon- 
dria are added as 0.5 ml. of a 2.5 per cent suspension of mito- 
chondria in isotonic sucrose. The strict dependence of the 
Mg++-ATPase assay on enzyme concentration is evident from 


2 From the point of view of the mechanism of hydrolysis of ATP 
by mitochondria, the situation is complicated by the existence of 
Ca**+-activated ATPase activity. Mitochondria at an interme- 
diate stage of deterioration exhibit complex responses to Ca*t 
and Mg** (14). The Cat*-activated ATPase is less labile to age- 
ing and to heat treatment (R. O. Recknagel, unpublished) than 
the DNP-activated ATPase. From the point of view of an assay 
for mitochondrial damage, the Ca**-activated ATPase does not 
interfere, since the DNP-ATPase activity, taken as a measure of 
intact mitochondrial funetion, is measured in the presence of 
EDTA. Since the deterioration process results in an eventual 
loss of response to Ca**+ (14), and the appearance of Mg**-acti- 
vated ATPase activity, the divalent metal-catalyzed system was 
assaved in the presence of Mg** and is referred to as the Mg**- 
activated ATPase. 
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the data of Fig. 1. The DNP-ATPase assay also followed first- 
order kinetics with respect to enzyme concentration. After the 
enzyme incubation, the reaction media were deproteinized by the 
addition of perchloric acid to a final concentration of 0.375 M. 
Analysis for inorganic phosphate was carried out according to a 
method adapted after Berenblum and Chain (15) involving ex- 
traction of phosphomolybdate into isobutanolbenzene and reduc- 
tion with SnClz. Liver fat was estimated gravimetrically essen- 
tially according to Folch et al. (16). 

Materials—ATP, AMP, DPN, and Tris were products of the 
Sigma Chemical Company. Substrates used were a-ketoglutaric 
acid (Organic Specialties) and 1-glutamic acid (Nutritional Bio- 
chemical Corporation). 


RESULTS 


ATPase Transformation Induced by Carbon Tetrachloride— 
Liver mitochondria from normal rats were suspended at 0° in 
0.25 m sucrose which was previously saturated with carbon 
tetrachloride. The complete transformation in ATPase prop- 
erties resulting from this treatment is shown in Table I, Experi- 
ments 1 and 2. Carbon tetrachloride under the same conditions 
is known to be a mitochondrial swelling agent (17). These data 
establish that an ATPase transformation in vitro accompanies 
the morphological changes induced by this fat solvent. The 
ATPase transformation in vitro represents the maximum, or base- 
line effect, against which effects in vivo can be compared. 

The carbon tetrachloride-induced Mg++-ATPase was found to 
have an optimum at pH 8.5 in the presence of 4 K 10-3 m ATP 
and 1.33 « 10-?m Mgt+ (ATP to Mg** ratio, 3.0). At pH 8.5 
activity was maximum at 1.33 K 10-?mM Mgt+. The buffer con- 
tained succinate, Tris, and glycine, all at 0.045 mM; pH was ad- 
justed with KOH. At a fixed concentration of 4 x 10-3 Mm 
ATP, the activity at ATP to Mg*+ ratios of 1.0 and 0.5 was 


TABLE I 
ATPase transformation induced by carbon tetrachloride 


| P; cleaved from ATP 


Preparation ATPase ratio 


DNP-ATPase Mg**+-ATPase 


Experiment la | | 
Mitochondria washed twice, 
fluffy layer removed......... 40.2 | 1.6 25.1 
Experiment 1b | 
Same as la, except mitochon- | 
dria pretreated with su- | 
Experiment 2a 
Mitochondria not washed, 
fluffy layer not removed..... 56.1 + 
Experiment 2b | 
Same as 2a, except pretreated | 
with 0.00 91.7 0.00 
Experiment 3 | 
Mitochondria washed once, 
fluffy layer removed........ | 45.2 4.32 10.48 
Experiment 4 | 
Mitochondria washed once, | 


0.00133 


fluffy layer not removed..... 54.1 11.5 | 4.70 
Experiment 5 | | 
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found to be depressed to nearly the same extent as originally 
noted by Kielley and Kielley (18) for the Mg++-AT Pase obtained 
by sonic disintegration of mouse liver mitochondria. The mouse 
liver Mg++-ATPase also had an optimum at pH 8.5. 

In Table I are included ATPase ratios found for mitochondria 
prepared according to various washing routines. Washed mito- 
chondria in the absence of the fluffy layer yield the highest 
ATPase ratios. However, since the ratio of total mitochondrial 
mass to carbon tetrachloride concentration is critical (see below), 
and since removal of the fluffy layer is a poorly reproducible 
procedure, the intact, unwashed mitochondrial sediment was 
used in most subsequent experiments. 

In view of the objective of applying the ATPase transformation 
test to liver mitochondria in carbon tetrachloride poisoned rats, 
it was necessary to determine the amount of Mg*+-activated 
ATPase in other cell fractions, to evaluate possible mitochondrial 
contamination, and to determine whether the mitochondrial 


TABLE II 
Mg**-activated ATPase activity of various fractions of 
rat liver | 
Conditions: Standard ATPase transformation assay, except 
succinate, Tris, glyeine buffer, pH 8.5. 


Fraction | P, cleaved from ATP* 


Mitochondria, no OCCl,.............. | 12.5T 
Mitochondria, + CCly............... 320 .OT 
saver, + 16.5 
Microsomes, no COl,................ 14.9 
Microsomes, + CCl,................ 17.7 
Supernatant, no CCl............ 13.0 
Supernatant, plus CCl,.............. 11.1 


* Values are wg. of P; cleaved per 15 eq. mg. of fraction. 
Kestimated from Fig. 1. 


T T 
UNFRACTIONATED 
Na 
40 
20 CENTRIFUGATE 
onl 
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| 2 3 


EQ. MG. OF MITOCHONDRIA 


Kia. 1. Association of Mg**-activated ATPase with insoluble 
residue. Conditions: 6 wymoles of ATP; succinate, Tris, glycine 
buffer, pH 8.5; 290 wmoles of sucrose, 1.5 ml. final vol., 20 minutes 
of incubation at 30°. The mitochondria were preincubated at 0° 
for 20 minutes in 0.25 M sucrose saturated with CCl,. An aliquot 
was centrifuged at 8000 X g for 15 minutes, and the unfractionated 
mitochondrial suspension, centrifugate, and supernatant fractions 
assayed for Mg**-ATPase activity. Abscissa shows CC], treated 
mitochondria in eq. mg. 
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TABLE III 


Effect of various nonpolar solvents on mitochondrial 
ATPase transformation 

Conditions: 6 wmoles of ATP; 30 wmoles of Tris, pH 7.4; 290 
umoles of sucrose; 1.5 ml. final volume, 20 minutes at 30°; 3 xX 
10°-° m DNP as activator, 12.5 eq. mg. of mitochondria per reac- 
tion tube. For the pretreatment, 500 eq. mg. of mitochondria, 
suspended in 0.25 mM sucrose, 0.002 Mm EDTA, were diluted to 20 
ml. (=2.5 per cent) with 0.25 mM sucrose solutions containing the 
fat solvents at various percentages of saturation. Pretreatment 
was at 0° for 15 minutes. 


Solubility 
at 0°* ous solution at 0°} | DNP. 
ATPase | ATPase 
M % M 
CCl, 0.097 | 154 0.00630 73t 0.00426 
CHCl, 0.98 119 0.0823 34f 0.0276 
CH.Cl, 2.30 84.9 | 0.271 50 0.136 
C.H;—O—C2H;) 11.6 74.1 | 1.57 80 1.26 
CeHs 0.08 78.1 | 0.0105 (22°) 62 0.00651 


* From International Critical Tables. 
+t Mean of 3 values. 
t Mean of 2 values. 


Mg*++-ATPase was solubilized by carbon tetrachloride pretreat- 
ment. The data of Table II indicate that the mitochondria 
contain, potentially, the greatest bulk of the intracellular Mg++- 
activated ATPase activity. Other fractions exhibited relatively 
little activity, which was not increased by carbon tetrachloride. 
The nuclear fraction also, in comparison to the mitochondria, 
contains very little Mg*+-activated ATPase activity. The data 
of Fig. 1 show that the Mgt+-ATPase is firmly attached to the 
sedimentable material, after carbon tetrachloride pretreatment 
of the mitochondria. In other experiments, no ATPase activity 
was solubilized when the preincubation was carried out at 30° 
for 40 minutes or 37° for 20 minutes. - 

A comparison of the effectiveness of a series of 0.25 M sucrose 
solutions of nonpolar solvents was made by determining the per 
cent of saturation required to produce a 50 per cent loss of DNP- 
ATPase. It is apparent (Table III) that an inverse relationship 
exists between the effectiveness in inducing loss of DN P-ATPase 
activity and the water solubility of the fat solvent. This implies 
that the destructive action occurs by penetration of a lipide 
barrier. 

Action of Carbon Tetrachloride on Other Biochemical Properties 
of Mitochondria—Carbon tetrachloride treatment of mitochon- 
dria leads to a complete loss of the capacity to oxidize a-keto- 
glutarate and glutamate. Loss of the DPN-activated ATPase 
was found to exactly parallel loss of the capacity to oxidize 
a-ketoglutarate when (Fig. 2) the concentration of mitochondria 
was varied at a fixed carbon tetrachloride saturation level, and 
(Fig. 3) when the per cent saturation of carbon tetrachloride in 
the 0.25 M sucrose suspension medium was varied at a fixed con- 
centration of mitochondria. The fluffy layer was not removed 
in these experiments. Removal of the fluffy layer involves sep- 
aration of what are essentially two superimposed slurries. As 
a result, the mitochondrial yield varies considerably. The sensi- 
tivity of the ratio of mitochondrial mass to the total volume of 
sucrose solution saturated with carbon tetrachloride led initially 
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Fic. 2. Simultaneous loss of a-ketoglutarate oxidation and 
DNP-ATPase (CCl, constant). Conditions for ATPase assay: 6 
umoles of ATP; 30 umoles of Tris, pH 7.4; 290 umoles of sucrose; 
1.5 ml. final volume, 20 minutes at 30°; 3 K 107° Mm DNP, 10 eq. 
mg. mitochondria per reaction tube. Conditions for a-ketoglu- 
tarate oxidation: 10 umoles of MgCl.; 30 umoles of a-ketoglutarate; 
30 zmoles of potassium phosphate buffer; 6 zmoles ATP; 500 umoles 
of sucrose, pH 7.4; 3.0 ml. volume, air as gas phase, 30°; 3 X 107° 
um DNP; 300 eq. mg. mitochondria per Warburg vessel. Preincu- 
bation conditions: Suitable aliquots of a mitochondrial suspension 
were distributed to centrifuge tubes and the mitochondria col- 
lected at 4000 X g. The sedimented mitochondria were resus- 
pended in 0.25 mM sucrose, previously saturated with CCl,, and 
held at 0° for 20 minutes. The mitochondrial concentrations in 
eq. mg. per ml. during preincubation are indicated along the ab- 
scissa. The mitochondria were then sedimented at 4000 XK g and 
appropriately diluted in 0.25 m sucrose for the ATPase and O» up- 
take assays. 


to extremely variable results when pyridine nucleotide dependent 
oxidations were measured. With the use of the sedimented mito- 
chondria without removal of the fluffy layer, reproducible results 
were obtained. In similar experiments in which the ratio of 
mitochondrial mass to carbon tetrachloride was varied, loss of 
DPN-activated ATPase was found to exactly parallel loss of the 
capacity to oxidize glutamate. The fact that two different 
aspects of mitochondrial function, vz. the mitochondrial ATPase 
transformation and pyridine nucleotide dependent oxidations, 
are both affected to exactly the same extent at various ratios of 
total mitochondrial mass to CCl, concentration suggests that the 
processes being measured are both dependent on some critical 
aspect of mitochondrial organization which is attacked and des- 
troved as a unit by carbon tetrachloride. 

Failure of Carbon Tetrachloride to Affect Certain Microsomal 
Enzymes—Since both microsomes and mitochondria are rich in 
lipoprotein, the possibility that carbon tetrachloride might affect 
microsomal enzymes was investigated. Both the adrenocortical 
steroid A‘-3-keto reductase and the C-20-keto reductase (19) 
of rat liver microsomes were unaffected after suspension of the 


’ microsome fraction for 20 minutes at 0° in 0.25 mM sucrose satu- 


rated with carbon tetrachloride. Glucose 6-phosphatase activity 
of the microsomes was similarly unaffected by carbon tetra- 
chloride. 

Mitochondrial Degeneration in vivo—Twenty hours after carbon 
tetrachloride feeding the mitochondria failed to respond to added 
DNP with an increase in oxidative rate (Table IV). Up to 14 
hours there was either an increase in rate when DNP was added, 
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Fig. 3. Simultaneous loss of a-ketoglutarate oxidation with loss 
of DNP-ATPase (mitochondria constant). Conditions for ATP- 
ase assay and a-ketoglutarate oxidation were exactly as in Fig. 
6. Preincubation conditions: Mitochondria were obtained at 
4000 X g without removal of fluffy layer, as in Fig. 2. Aliquots, 
12 ml., of a 10 per cent mitochondrial suspension in 0.25 mM sucrose 
were distributed to centrifuge tubes and the mitochondria sedi- 
mented at 4000 X g. The sedimented mitochondria were resus- 
pended in 12-ml. aliquots of 0.25 m sucrose solutions at various 
per cent saturations of CCl, indicated along the abscissa, held at 
0° for 20 minutes, again collected at 4000 X g, and finally appro- 
priately diluted in 0.25 m sucrose for the a-ketoglutarate oxidation 
and DNP-ATPase assays. 


TABLE IV 
Loss of response to DNP 20 hours post-CCl, feeding 
| Oxygen Oxygen Increase 
Source of mitochondria Substrate _ uptake,* uptake,* due to 

no DNP | plus DNP |  DNP 

| % 
Normal control a-KGT | 0.576 
Normal control —a-KGt 0.632 
Normal control a-KGt 0.298 0.447 50 
Normal control Glutamate — 0.227 0.591 160 
Normal control Glutamate 0.345 0.712 106 
Mineral oil fed Glutamate 0.283 0.625 121 

4 hours post-CCl, Glutamate | 0.281 0.753 168 

14 hours post-CCl, | a-KG | 0.526 
14 hours post-CCl, a-KG | 0.536 
14 hours post-CCl, Glutamate 0.265 0.498 SS 
20 houst post-CCl, Glutamate 0.299 0.299 zero 
20 hours post-CCl, Glutamate 0.311 0.334 0.07 
30 hours post-CCl, Glutamate 0.147 0.118 | —: 
30 hours post-CCl, Glutamate 0.384 0.487 


* Oxygen uptake is given as ul. of oxygen taken up per 10 
minutes per 100 wg. of mitochondrial protein. Actual rates were 
of the order of 20 to 60 wl. of O2 per 10 minutes. Oxygen uptake 
was measured at 30° in an isotonically balanced medium contain- 
ing ATP. See text in connection with Figs. 4, 5, and 6 for details. 
The DNP was present at a concentration of 3 K 10>° M. 

+ a-KG represents a-ketoglutarate. 


or, the rate in the presence of DNP was of the same order as the 
corresponding rate in controls, indicating that mitochondrial 
degeneration had occurred at 20 hours post carbon tetrachloride 
feeding, but not earlier. 
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TABLE V 
Mitochondrial ATPase transformation 20 
hours post-CCl, feeding 
Ratio (DNP- 

hours post-CCls peg.” | 

13.5 6.19 1.26 4.9 

14 4.63 0.99 4.7 

20 1.52 | 2.25 0.68 

20 1.01 | 3.66 0.28 

30 1.29 | 2.69 | 0.48 

30 0.37 | 7.63 | 0.05 


* ug. P; cleaved from ATP in 20 minutes at 30° in the standard 
test system. 


Mitochondrial AT Pase Transformation in vive—Data obtained 
by use of the mitochondrial ATPase transformation test are 
shown in Table V. The DNP-ATPase to Mgt++-ATPase ratios 
at 13.5 and 14 hours post carbon tetrachloride feeding are of the 
same order as those obtained from noncarbon tetrachloride fed 
control rats under similar centrifugation conditions, 7.e. without 
removal of the fluffy laver (cf. Table I). From these data it is 
evident that extensive mitochondrial damage has occurred at 20 
hours after carbon tetrachloride feeding, but that at 14 hours the 
mitochondria appear to be normal. 

Time of Appearance of Increase in Liver Fat—lf the fatty de- 
generation characteristic of carbon tetrachloride toxicity is due 
to a primary attack on the mitochondria, then the mitochondrial 
damage should precede the increase in liver fat. In the series of 
animals used in these experiments, the increase in liver fat oc- 
curred before there was evidence of mitochondrial damage (Table 


VI). In another series of animals, in which changes in mito- 
TaBLeE VI 
Increase in liver fat after CCl, feeding 
No. of animals | per 100 gm. body | 
hr. 
9 Control 0.149 + 0.053* H2O 
1 Control 0.131 0.50 ml. olive oilt 
4 0.247 0.50 ml. CCl, in 
| mineral oilt 
1 4 (0.148 ml. CCl, in 
| mineral oilt 
3 14 0.298 0.33 ml. CCl, 
4 14 0.329 + 0.073 0.66 ml. CCI, 
1 14 0.259 0.25 ml. CCl, in 
mineral oil 
1 14 ().259 ml. CCl, in 
mineral oil 
6 20 0.341 + 0.052 0.50 ml. CCl, in 
| mineral oil 
3 20 0.224 ml. CCl, in 
olive oil 
1 30 0.371 ~0.50 ml. CCl, in 
| mineral oil 
30 0.428 ml. CCl, in 
| mineral oil 


* Standard deviation of the mean. 
+ The CCl, in mineral oil and CCI, in olive oi] were 1:1 mixtures. 
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TaBLeE VII 
Statistically significant increase in liver fat at 3 hours 
‘iver Sxtt Significance 
hrs. | 
| 7 | 2 | 16 0.1<p<o2 
4 3453 | 3.69 p < 0.01 
| 


* Mean liver fat is given in mg. of total liver fat per 100 gm. of 


rat. 
+ Sx? = pooled sum of squared differences from means. 
collected by Dr. S. Malamed. 


Data 


chondrial electrolytes were studied,’ a statistically significant in- 
crease in liver fat was shown as early as 3 hours after carbon 
tetrachloride feeding (Table VII). 

Effect of Storage on Mitochondria from Normal and Carbon 
Tetrachloride Fed Rats—Christie and Judah (3) presented data 
which indicated that as early as 10 hours after carbon tetra- 
chloride feeding, liver mitochondria exhibited a marked decline 
in respiratory rate after storage at 0° in 0.25 mM sucrose. Aged 
mitochondria from normal livers did not exhibit the loss in 
oxidative rate. However, the question as to the exact nature of 
the change, and its significance from the point of view of the 
increase in liver fat, depends on a correct analysis of the experi- 
mental conditions employed. Christie and Judah (3) found that 
the loss in oxidative rate was fully regained on addition of DPN, 
and drew the conclusion that carbon tetrachloride poisoning pro- 
duces a change in mitochondrial permeability leading to a loss of 
bound pyridine nucleotide. Since the ATPase transformation 
test and the indirect test for uncoupling of oxidative phosphoryl- 
ation (Tables IV and V) indicated that mitochondrial damage 
was not evident until 20 hours post carbon tetrachloride feeding, 
the mitochondrial storage experiments of Christie and Judah (3) 


were reinvestigated. Initially, loss of pyridine nucleotide-de- 
pendent oxidations in aged mitochondria from carbon tetra- 
chloride fed rats could not be duplicated. Differences in the 
conditions of measurement were therefore critically examined. 
In our laboratory, oxidative rate was determined at 30° in a 
medium containing 30 uwmoles of oxidizable substrate (potassium 
salt, pH 7.4); 10 umoles of MgCl.; 30 umoles of potassium phos- 
phate buffer, pH 7.4; 6 wmoles of ATP (disodium, potassium 
salt, pH 7.4), 500 uwmoles of sucrose, and water and enzyme to 
make 3.0 ml. The total osmotic pressure of this medium is 
estimated to be isotonic with 0.25 M sucrose. These conditions 
are referred to as “30°, ATP, isotonic,” in the following figures. 
The medium used by Christie and Judah (3) contained 30 pmoles 
of oxidizable substrate (potassium salt); 20 uwmoles of MgsSQ,; 
40 pmoles of potassium phosphate buffer, pH 7.4; 3 ywmoles of 
AMP; 0.06 umole of cytochrome c; 77 uwmoles of potassium 


chloride, plus water and enzyme to equal 3.0 ml. This medium 
is estimated to be hypotonic to 0.25 mM sucrose. In addition, 
this medium contains no ATP; and measurements of oxygen 
uptake were carried out at 38°. These conditions are referred | 
to as “38°, AMP, hypotonic.”” The DPN dependence of gluta- | 


3... Share, and R. O. Recknagel, unpublished results. 
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Fic. 4. DPN dependence of stored liver mitochondria from car- 
bon tetrachloride-fed rats (glutamate oxidation). Conditions: 
38°, AMP, hypotonic (see text). The numbers in the body of the 
figure represent the elapsed time, after CCl, feeding, before the 
rat was killed. The enzyme was 100 eq. mg: of mitochondria, 
which were added in a volume of 0.5 ml. of 0.25 mM sucrose. The 
vertical lines indicate the rate of O2 uptake on addition of 5 
xzmoles of DPN. Abscissa represents hours after death of the rat. 


mate oxidation following storage of mitochondria from carbon 
tetrachloride fed rats is shown in Fig. 4. At 11 hours the effect 
was minimal. Also of note is the data for the 20 hour rat. The 
rates of O2 uptake for the first three 10-minute periods have been 
plotted. It is evident that the rate of Os uptake was declining 
rapidly (see also Fig. 6). The significance of this rapid decline 
will be discussed. | 

In contrast to the experimental finding shown in Fig. 4, when 
glutamate oxidation was measured at 30° in an isotonically 
balanced medium containing ATP, the DPN dependence of 
stored mitochondria from carbon tetrachloride fed rats could not 
be demonstrated. Two Warburg baths, one at 30° and one at 
38°, were used for these experiments. For each experiment, the 
mitochondria were prepared from a single rat, obtained 12 hours 
post carbon tetrachloride feeding and 154 hours post carbon 
tetrachloride feeding (Fig. 5). Glutamate oxidation was meas- 
ured simultaneously under the two sets of conditions at the times 
indicated. The data of Fig. 5 clearly show that the DPN effect 
depends on the conditions of measurement. The results at 12 
hours post carbon tetrachloride feeding were essentially similar. 
Under isotonic conditions at 30° in the presence of ATP, no 
requirement for DPN is evident. The dramatic increases in 
oxidative rate on addition of DNP (without DPN addition) 
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Fia. 5. Effect of conditions of measurement: DPN dependence 
of glutamate oxidation 153 hours post-CCl, feeding. Conditions 
as in Fig. 4, except double Warburg experiment with two different 
sets of conditions. 150 eq. mg. of mitochondria served as source 
of enzyme. Abscissa as in Fig. 4. 


indicate that these mitochondria, 12 and 153 hours post carbon 
tetrachloride feeding, have not been uncoupled, and have not 
lost bound DPN. 

When the mitochondrial aging experiments were carried out 
with citrate as oxidizable substrate, the expected requirement for 
DPN was observed at 10, 11, 12? and 14 hours post carbon 
tetrachloride feeding, when oxygen uptake measurements were 
carried out with the “38°, AMP, hypotonic” conditions. A 
rationale for the dependence of mitochondrial citrate oxidation 
on DPN has been supplied by Ernster and Navazio (20). When 
citrate oxidation was measured at 30° in an isotonically balanced 
medium containing ATP, the DPN dependence of stored mito- 
chondria from carbon tetrachloride fed rats could not be demen- 
strated (Fig. 6). Similar results were obtained 12 hours post 
carbon tetrachloride feeding. In Fig. 6 the individual 10-minute 
oxygen uptake rates have been plotted to reveal the rapid decline 
in oxidative rate which was observed during the course of meas- 
urement after 4 hours of aging of the mitochondria (cf. 20 hour 
rat, Fig. 4). The virtual complete DPN independence of citrate 
oxidation in these aged mitochondria, when measurements were 
made at 30° in an isotonically balanced medium containing ATP, 
indicates that these mitochondria, 12 to 153 hours post carbon 
tetrachloride feeding, have not lost bound DPN. 

Protective Effect of EDT A—Two preparations of mitochondria 
were obtained in 0.25 mM sucrose containing 0.002 mM EDTA, at pH 
7.4, from the livers of two rats 12 hours post carbon tetrachloride 
feeding. The initial oxygen consumption rates 2 hours after the 
rats were killed were 33.6 and 51.6 wl. of O2 per 10 min. per 150 
eq. mg. of mitochondria under the “38°, AMP, hypotonic” con- 
ditions of Christie and Judah (3). These rates declined only 21 
and 4.6 per cent after 6 additional hours of storage at 0°. Failure 
of these mitochondria to exhibit a serious decline in a DPN- 
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Fic. 6. Effect of conditions of measurement: 
of citrate oxidation, 15} hours post-CCl, feeding. 
tions as in Fig. 5. 


dependent oxidative step, after 8 hours, supports the view that 
mitochondrial loss of DPN has not occurred. It is known that 
EDTA protects against mitochondrial loss of DPN (21). From 
the rapid development of a DPN-dependent oxidative rate (Fig. 
4, 20 hour rat, and Fig. 6) observed when the aged sucrose mito- 
chondria are placed under the ‘38°, AMP, hypotonic” conditions, 
the critical step in the aging experiments of Christie and Judah 
(3) is probably loss of DPN during the equilibration period before 
oxygen uptake measurements. Since the DPN is lost somewhere 
during the storage or assay of the mitochondria, and not in the 
rat, as these experiments indicate, the theory of carbon tetra- 
chloride fatty liver based on loss in vivo of mitochondrial DPN 
has not been substantiated. 


DISCUSSION 


The discrete localization of the DNP-ATPase in the mito- 
chondrial fraction (22), the overwhelming concentration of 
potential Mg*+-activated ATPase activity present in the mito- 
chondria, and the firm attachment of the latter enzyme to the 
mitochondrial stroma, establish the necessary cytological condi- 
tions for the use of isolated mitochondria for the application of 
the ATPase transformation as a test for mitochondrial integrity. 
The test system consists essentially in the measurement of the 
mitochondrial DNP-ATPase, under conditions in which inter- 
fering divalent metal-catalyzed ATPase activity is eliminated by 
addition of EDTA; and the Mg**+-activated ATPase of physically 
altered or damaged mitochondria, in the absence of uncoupling 
agents. Previous use of mitochondrial ATPase characteristics 
as a test for mitochondrial integrity have relied mainly on main- 
tenance of the “latency” of the ATPase of intact mitochondria. 
This consists essentially in demonstrating the absence of the 
Mg*++-catalyzed enzyme. The existence of transitional states of 
mitochondrial damage, as in the experiments of Witter and Mink 
(23) underline the advantage of a test system in which both 
ATPase systems are measured. By expressing the data as a 
ratio of DNP-ATPase to Mg*+*-ATPase activity, it is possible to 
obtain a striking demonstration (Table I) of the extent of the 
transformation in ATPase properties which accompanies mito- 
chondrial damage. 

The extensive degenerative changes produced in mitochondria 
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by carbon tetrachloride, and the failure of this fat solvent to 
produce alterations in three microsomal enzymes, is encouraging 
for the theory of the mechanism of carbon tetrachloride toxicity 
which holds that mitochondrial damage is the key cellular lesion 
(3-6). However, as has been clearly discussed by Ernster and 
Lindberg (24) the characteristic ‘“‘aging’’ symptoms of liver mito- 
chondria, of which the ATPase transformation is an outstanding 
example, are the end result of a wide variety of degenerative 
changes, and are nonspecific. Consequently, although the effects 
in vitro of carbon tetrachloride on mitochondria are paralleled 
by the same signs of mitochondrial degeneration in vivo, from this 
correlation alone, the conclusion cannot be drawn that the action 
of the toxic agent tn vivo is via a primary attack on the mito- 
chondria. Experimentally a third dimension of measurement is 
necessary. In the experiments reported herein, the time factor 
was utilized. Since the signs of mitochondrial degeneration 
clearly followed the rise in liver fat, the conclusion derived from 
these experiments is that the characteristic increase in liver fat 
associated with carbon tetrachloride hepatotoxicity is not due to 
loss of any known attributes of normal mitochondrial function. 


These experiments provide the basis for a modification of the — 


original views of Christie and Judah (3) and of Dianzani (4-6) 
and Dianzani and Scuro (25) on this subject. The view held 


was that the administered carbon tetrachloride entered the liver. 


cell, attacked the mitochondria, produced mitochondrial  de- | 
generation, and as a result fat accumulated due to failure of fat — 


oxidation (4). The sequence of events suggested by the present 
experiments is the following. 
as yet unknown degenerative change. As a result of this primary 
degenerative change, a series of abnormal pathological processes 
is set into motion. One line of pathological development leads 
to the marked increase in fat; another leads to the observed 
mitochondrial degeneration. The two processes result independ- 
ently from the primary degenerative change and are not causally 
related, at least in their initial stages. Other experimental work 
(2), in which the endocrinological background of the animals was 
varied, has supported the view that marked increases in liver fat 


Carbon tetrachloride produces an — 


can occur without apparent derangement of mitochondrial func- - 


tion. Furthermore, the fact that the content of carbon tetra- 
chloride in the liver reaches its peak concentration within the 
first | to 3 hours after intubation into the rat (2), strongly sug- 


gests some site of action other than the mitochondria, since loss | 
of the characteristic enzymic functions of the mitochondria does | 


not set in until many hours later. 

It is clear from the mitochondrial aging experiments of Christie 
and Judah (3) which we have amply confirmed, that mito- 
chondria from carbon tetrachloride-fed rats may be altered in 
some way as early as 10 to 12 hours post carbon tetrachloride 
feeding; but from the data obtained in the double Warburg 
experiments, and in the experiments employing EDTA, it ap- 
pears that loss of pyridine nucleotide and uncoupling have not 
occurred in the rat. 
by the storage, followed by exposure of the mitochondria to a 
hypotonic medium at 38° in the absence of ATP. 
questions as to the exact nature of the change in the mitochondria 


These degenerative changes are precipitated | 


Further 


responsible for the degeneration occurring during aging, and the — 
significance of the change from the point of view of the increase — 


in liver fat, cannot be answered at this time. The fact that the 
increase in fat is already occurring in the period from 3 to 4 hours 
post carbon tetrachloride feeding casts serious doubt on the 


possibility that the mitochondrial change revealed by the aging — 


tk 


a 

tl 

| 

| 10 

1] 

12. 

13. 

14, 


May 1959 


experiments, whatever its nature may be, can be decisive insofar 
as fat accumulation is concerned. 

Another experimental dimension which may be employed in 
elucidating possible causal relations between experimental cor- 
relates is that of dosage and route of administration. Dianzani 
(4-6) used relatively small doses of carbon tetrachloride injected 
subcutaneously, and made observations usually after 24 hours. 
With these conditions mitochondrial changes preceded the in- 
crease in liver fat. With larger doses of carbon tetrachloride in- 
tubated via stomach-tube (this paper), the changes leading to 
increased liver fat are greatly accelerated. These considerations 
also support the hypothesis that the two phases of the developing 
liver pathology are independent at least in their initial stages. 

The possible nature of the primary degenerative change and 
the types of intracellular alterations which may lead to the ac- 
cumulation of fat have been discussed by Dixon (26). The 
present experiments have uncovered no clues as to the nature of 
the changes involved in this phase of the pathology. With re- 
gard to the mitochondrial changes, certain recent experiments are 
suggestive of a possible underlying mechanism. Thiers and 
Reynolds (27) observed that in the period from 16 to 20 hours 
after carbon tetrachloride administration there was a 10-fold rise 
in the calcium content of the liver mitochondria. Calcium ions 
produce mitochondrial swelling (21), promote loss of pyridine 
nucleotide dependent oxidations (21), and activate mitochondrial 
ATPase (14). This suggests that increase in the intrahepato- 
cellular content of free calcium, due possibly to degenerative 
changes in the cytomembranes of the liver cell, may be a key 
stage in the pathology insofar as mitochondrial degeneration is 
concerned. In support of this possibility is the work of Calvert 
and Brody (28), who observed that intraperitoneal administra- 
tion of EDTA to carbon tetrachloride-fed rats protected against 
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mitochondrial degeneration. The fact that intraperitoneal 
EDTA did not prevent the increase in liver fat (28) supports the 
view expressed here that fatty degeneration and mitochondrial 
degeneration are independent consequences of a more primary 
pathological change. 


SUMMARY 


Isotonic sucrose solutions of carbon tetrachloride and other fat 
solvents produce an extensive transformation in adenosinetri- 
phosphatase properties of rat liver mitochondria in vitro. The 
effectiveness of the fat solvents is related inversely to their water 
solubilities. Magnesium-activated adenosinetriphosphatase ac- 
tivity was elicited by carbon tetrachloride only in the mito- 
chondrial fraction, and was associated with insoluble mito- 
chondrial material. The effects in vitro on adenosine 
triphosphatase properties produced by carbon tetrachloride were 
accompanied by loss of pyridine nucleotide dependent oxidative 
function. Carbon tetrachloride treatment in vitro had no effect 
on three microsomal enzymes. 

The same signs of mitochondrial degeneration produced by 
carbon tetrachloride in vitro were observed in vivo after carbon 
tetrachloride administration to rats. However, the time of onset 
of mitochondrial degeneration in vivo followed by many hours 
the rise in liver fat. It is concluded that mitochondrial damage, 
as presently defined in terms of the adenosinetriphosphatase 
transformation, loss of pyridine nucleotide dependent oxidative 
function, and uncoupling, is not the primary lesion in carbon 
tetrachloride hepatotoxicity. Other, unknown forms of mito- 
chondrial damage have not been ruled out. The loss on aging of 
diphosphopyridine nucleotide from liver mitochondria of carbon 
tetrachloride fed rats was shown to be an artifact of the condi- 
tions of measurement. 
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1 ,2-PROPANEDIOL PHOSPHATE METABOLISM 


Lindberg (1) has presented evidence for the occurrence of | ,2- 
propanediol phosphate in beef brain. This compound has also 
been reported to occur in other tissues (2-4). However, the 
structure, metabolism, and biological significance of this com- 
pound is unknown. Groth et al. (5) have reported that C™-la- 
beled pyruvate is incorporated into propanediol-P! under anaero- 
bic conditions in fluoride-inhibited homogenates of brain, liver, 
and induced tumors (Flexner-Jobling). These authors have sug- 
gested that acetolphosphate is an intermediate in the conver- 
sion of pyruvate to propanediol-P. It has also been suggested 
that acetol-P is a product of the oxidation of propanediol-P by 
soluble a-glycerol phosphate dehydrogenase from rabbit muscle 
(6). 

In the present paper the product of the oxidation of propane- 
dio!-P by rabbit muscle a-glycerol phosphate dehydrogenase has 
been established as acetol-P, CH;COCH2OPO;H2. Attempts to 
demonstrate this reaction in rat liver homogenates have been 
unsuccessful. 


EXPERIMENTAL 


Preparations 


Synthesis of 1 ,2-Propanediol Phosphate—1| ,2-Propanediol phos- 
phate was synthesized by a modification of the procedure of Rud- 
ney (4) in which the ratio of propylene oxide to K,HPO, was re- 
duced to 3:1 and the reaction time shortened to 2 days. Barium 
propanediol-P prepared in this manner was freed from barium 
by passage through a Dowex 50(H*) column. The free acid 
neutralized 1.92 (2.00 theory) moles of base per mole of starting 
barium salt. Analysis of a solution of the free acid showed a 
ratio of primary hydrogen: secondary hydrogen: organic phos- 
phate: total carbon of 1.00:1.04:0.96:3.03 (1.00:1.00:1.00:3.00 
theory). Upon prostatic acid phosphatase hydrolysis 1 ,2-pro- 
panediol was formed in 98 per cent yield as determined colori- 


* This work was supported in part by grants from the Life In- 
surance Medical Research Fund and the Elisabeth Severance 
Prentiss fund of Western Reserve University. One of us, E. H., 
was the recipient of a fellowship from the National Science Foun- 
dation. The data have been taken from a thesis by KE. Huff, pre- 
sented August 1955 to the Graduate School of Western Reserve 
University in partial fulfillment of the requirements of the Ph.D. 
degree. 

{ Present address, National Institutes of Health, Bethesda 14, 
Maryland. 

1The abbreviation used is: Propanediol-P, 1,2-propanediol 
phosphate. 


metrically (7). The synthetic propanediol-P probably consists 
of a mixture of 1 ,2-propanediol 1-phosphate and 1 ,2-propanediol 
2-phosphate. These two isomers have not been separated but 
can be distinguished by bromine oxidation to acetol phosphate 
and lactic acid 2-phosphate respectively as indicated in Reactions 
1 and 2. 


OH 
CH,CHCH.OPO.H. CH;CCH.OPO;H: 
Acetol-P 
OPO;H: OPO3H: 
| 
cu.cucH.oH CH,CHCOOH (2) 


Lactie acid 2-phosphate 


These two products have been separated and characterized as 
described under synthesis of acetol-P. A mole of acetol-P reacts 
quantitatively with an uptake of 3 moles of NaOI, whereas, lactic 
acid 2-phosphate and propanediol-P do not react. 


uptake) has varied with various preparations from 66 to 86 per 
cent of the total propanediol-P. Anequilibrium mixture of these 
isomers was established at 76 per cent 1,2-propanediol 1-phos- 
phate after boiling in 1 m H.SO, for 3 hours with no further 
change up to 6 hours. These are the conditions used by Char- 
gaff (S) for the isomerization of glycerol phosphate. 

Synthesis of Acetol Phosphate—Acetol-P was synthesized ac- 
cording to reaction (1) by a modification of the method which 
Grimbert and Bailly (9) used for the preparation of dihydroxy- 
acetone phosphate. Propanediol-P, 180 mmoles, and_ 810 
mmoles of NaHCO; were diluted to 200 ml. with water in a 3-1. 


Erlenmeyer flask, and 40 ml. of bromine added with stirring. — 
After 5 hours at room temperature (synthesis of acetol-P was | 


maximal at this time) this mixture was acidified with HC] and 
Br. removed by aeration. The phosphate esters were collected 
by adjustment of the pH to 7 with Ba(OH)s, addition of 4 vol- 
umes of 100 per cent ethanol and centrifugation. The yield of 
dry barium salts was 25 gm. An aliquot of this material (7.2 
gm.) was dissolved in 1700 ml. of water and adsorbed onto a 2.5 
<x 11 em. Dowex I(Cl-) column. This resin was then placed 
on the top of a 4.7 * 42 em. Dowex I(Cl-) column. Elution 
with 0.1 ma NaCl in 0.4 m HCI yielded three phosphate peaks with 
effluent volumes of 1420, 1900, and 2630 ml. 
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A study of | 
the bromine oxidation with time has indicated that the amount 
of 1,2-propanediol 1-phosphate (measured as acetol-P by NaOI — 


The peak eluted. 
at 2630 ml. (5.3 mmoles) was precipitated with barium and al- | 
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an equimolar amount of ninhydrin. 
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eohol and dried. This compound is barium lactic acid 2-phos- 
phate. 
Ba, 3H2O (427.1 ) 


Calculated: C 8.43, H 2.36, P 7.25, Ba 48.24, H2O loss 12.6 
Found :? C 8.27, H 2.33, P 7.27, Ba 50.17, HO loss 11.5 


On hydrolysis with prostatic acid phosphatase after barium re- 
moval this compound yielded lactic acid (10). The peak eluted 
at 1900 ml. consisted of acetol-P contaminated with some pro- 
panediol-P from the 1420-ml. peak and required a second passage 
through Dowex I in order to remove the latter. The acetol-P 
fractions (13.4 mmoles) were pooled, cations removed with 
Dowex 50 (H+), and adjusted to pH 8.4 with Ba(OH).. The 
barium acetol-P (0.04 mM) was precipitated (after removal of a 
very fine precipitate) with 3 volumes of 100 per cent ethanol. 
The resultant crystals were collected by centrifugation and 
washed twice in absolute ethanol, and once in absolute ether fol- 
lowed by drying in a vacuum. 


Calculated: C 11.39, H 2.55, P 9.78, Ba 43.41, H2O loss 8.53 
Found :? C 11.29, H 2.69, P 9.63, Ba 41.25, H2O loss 8.50 


The extinction coefficient was maximal at 267 my (in water 
solution) which is consistent with the presence of a carbonyl 
compound (11). At pH 12 Ex; = 1.7 X& 104 em.? per mole; 
at pH 3.0 the Eo; = 1.6 x 104 with little change at inter- 
mediate pH values. The barium acetol-P bound 0.98 mole of 
NaHSO; and reacted with an uptake of 3.06 moles of NaOlI in 
the iodoform reaction carried out according to Morgan et al. (12). 
The product of the NaOl oxidation was isolated as the barium 
salt and after treatment with phosphatase found to consist 
of 1.00 mole of glycolic acid (13) per mole of organic phos- 
phate. Upon hydrolysis of acetol-P with phosphatase, acetol 
was released as determined by formation of a fluorescent product 
with o-aminobenzaldehyde and by formation of acetol semicar- 
bazone. The semicarbazone derivative melted at 197° as com- 
pared to 197° for the authentic derivative and 198° reported by 
Stanier and Fratkin (14). 

Acetol-P®2 was synthesized by bromine oxidation of 78 uwmoles 
of propanediol-P® followed by chromatography on paper with 1 
M ammonium acetate (pH 7) and ethanol (3:7.5) containing a 
final concentration of 10-2 m disodium Versenate (15). This 
method results in the separation of inorganic phosphate, pro- 
panediol-P, glycolic acid phosphate, and lactic acid phosphate 
from acetol-P. 

Synthesis of Lactaldehyde—Lactaldehyde was synthesized by 
the reaction of ninhydrin with threonine. <A 1 per cent solution 
of threonine was heated at 100° for 4 minutes in the presence of 
The reaction mixture was 
cooled to room temperature, NaHCO; (1 to 2 gm. per gm. of 
threonine) added, and a flocculent brown precipitate removed by 
filtration. The filtrate was treated with Norit A (1 gm. per 0.2 
gm. of threonine) and centrifuged. This process removes nin- 
hydrin and the colored products of the ninhydrin reaction. So- 
dium ions and unreacted threonine were removed by the addi- 
tion of Dowex 50 (H+). The over-all yield of lactaldehyde was 
l7 per cent as assayed by its bisulfite-binding capacity. Lac- 


* This analysis was made by the Microanalytical Laboratory, 


_ National Institute of Arthritis and Metabolic Diseases, National 
_ Institutes of Health, Bethesda, Maryland. 


i. Huff and H. Rudney 


1061 


taldehyde prepared in this manner bound 1.00 mole of bisulfite 
per mole of periodate. The 2,4-dinitrophenylhydrazone was 
prepared and reprecipitated three times from ethyl acetate with 
petroleum ether. It melted at 156.5-157° as compared to 157° 
reported by Neuberg and Vercellone (16). 


CyH10O05N 4(254.2) 


Calculated: C 42.52, H 3.96, N 22.04 
Found :? C 42.38, H 4.01, N 21.61 


Preparation of Acetol—For convenience and to avoid poly- 
merization acetol was prepared by phosphatase hydrolysis of 
acetol-P before use. It was found that the analytically pure 
compound is stable indefinitely as the dry barium salt. This 
salt was treated with sulfate to remove barium before phos- 
phatase hydrolysis. After hydrolysis acetol was freed of protein 
by precipitation with HCI1O,, perchlorate removed as the potas- 
sium salt, and the solution deionized by treatment with Dowex I 
(HCO;~-) and Dowex 50 (H+). When prepared in this manner 
acetol was monomeric as indicated by a value of 1.00 for the 
ratio of NalO, uptake to NaHSO; uptake. 

Other Preparations—Methy] glyoxal was prepared by distil- 
lation of glyceraldehyde (17). The procedure of Markham and 
Smith (18) was used for preparation of prostatic acid phospha- 
tase. Rabbit muscle a-glycerol phosphate dehydrogenase was 
prepared by the method of Racker (19). For large scale experi- 
ments a 1.75 to 2.40 M ammonium sulfate fraction (20) which 
contained lactic dehydrogenase as well as glycerol phosphate 
dehydrogenase was used. IDDPNH was prepared from Pabst 
DPN by hydrosulfite reduction (21) and ethanol fractionation 
(22). Glycerol phosphate -5H.O (52 per cent glycerol 1-phos- 
phate) was a product of Eastman Kodak. Dowex I and Dowex 
50 (10 per cent crosslinked, 200 to 400 mesh) were obtained from 
the Dow Chemical Company. 


Methods 


Determination of Acetol Phosphate—In order to characterize 
the enzymatic oxidation product of propanediol-P a method was 
necessary which would be sensitive and distinguish acetol-P from 
its isomer lactaldehyde phosphate. Acetol-P can be determined 
by a modification of the procedure of Forist and Speck (23) which 
involves hydrolysis with phosphatase followed by development 
of the fluorescent product resulting from the reaction of o-amino- 
benzaldehyde and acetol. Acetol-P is measured as the difference 
in fluorescence between a sample with and without phosphatase. 
The phosphatase mixture does not interfere in the determination 
and the method is both sensitive and fairly specifie (23-25). 
However, lactaldehyde also reacted to give an identical amount 
of fluorescent product as acetol. Since the condensation of ace- 
tol and o-aminobenzaldehyde is carried out in alkali, it is thought 
that the lactaldehyde rearranges to acetol (26). Lactaldehyde 
also reacts in the determination of lactic acid and is quantitatively 
oxidized by periodic acid. Thus, it cannot be distinguished from 
acetol in the indirect method of Huggins and Miller (25). 

Although the fluorometric method was unable to differentiate 
acetol and lactaldehyde, this method was useful for quantitation 
and preliminary identification of acetol-P. In order to demon- 
strate that acetol-P and not lactaldehyde 2-phosphate was being 
measured, NaOI oxidation was carried out at 0° under the condi- 
tions described by Morgan et al. (12). Under these conditions 
it was observed that acetol-P was oxidized to iodoform and gly- 
colic acid phosphate, whereas, lactic acid 2-phosphate and pro- 
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TABLE 

Activity of glycerol phosphate dehydrogenase on various substrates 

The complete system contained, per ml. of solution, 26 wmoles 
of potassium pyrophosphate, pH 9.1; 1.6 wmoles of DPN, and 1.6 
mg. of protein (only 16 wg. of protein were added when glycerol 
phosphate was substrate). The final pH of the reaction mixture 
was 8.6 to 8.7 except in the case of glycerol phosphate where the 
final pH was 9.0. Specific activity is expressed as the initial rate 
of change of the optical density 340 at mu per minute per mg. of 
protein times 10°. 


Substrate | — — Specific activity 
| M 

| 0.039 1 
Propanediol-P*. | 0.037 7.8 
Propanediol Pt. 0.028 6.2 
Propanediol-PT with adied 1 

propanediol (0.33 M).......... 0.031 4.6 
Glycerol phosphate... . 0.038 6800 
1 


* Prepared by H.S treatment of its lead salt. 
+ Prepared by H.S treatment of its lead salt followed by bar- 
ium, alcohol fractionation. 


‘ 


TABLE II 


Oxidation of 1,2-propanediol phosphate to acetol phosphate 
by rabbit muscle enzyme system 

The complete system contained, in a final volume of 2.0 ml., 10 
pmoles potassium pyrophosphate, pH 9.1; 1.5 wymoles DPN; 120 
pmoles sodium pyruvate; 58 wmoles of P*?-labeled potassium pro- 
panediol-P (70 per cent propanediol 1-phosphate—1.5 X 10° ¢.p.m. 
per umole), and 37 mg. of protein (pH 8.2). All tubes were incu- 
bated 16 hours at 25° in air followed by deproteinization with 0.2 
ml. of 3.1 Nn HCIO,;. The protein was removed by centrifugation 
and the protein precipitate washed once with 2 ml. of water. The 
combined supernatants were neutralized with KOH to pH 5 and 
the KCIO, precipitate removed by centrifugation at 0°. The 
KCIO, supernatants were assayed for acetol phosphate fluori- 


metrically and the radioactivity determined. 


Enzymatic Oxidation of 1 ,2-Propanediol Phosphate 


Tub | Acetol | Recov- Yield of 
N af Reaction conditions phos- ery of | acetol- 
phate 
| pmoles % % 
Complete system. 9.09 | 68 23 


2 | Propanediol-P reduced 20 


Propanediol-P reduced to 10 umoles) 1.80 | 59 32 
4 | Propanediol-P omitted............. 0.03 

6 Enzyme reduced to 3.7 mg...... 6.81 | 90 13 
| 0.07 | 102 


10.99 | 65 29 
10.02 | 76 23 


S Pyruvate reduced to 60 umoles..... | 
Pyruvate reduced to 20 umoles..... 


| emitted. 0.98 347 
11 Complete system plus 60 yumoles 
| glycerol phosphate.............. 9.10 64 


12 Glycerol phosphate 60 uwmoles sub-— 
stituted for propanediol-P.... .. 
Acetol-P 4.4 uwmoles substituted for 


propanediol-P...... 3.43 


13 | 
| 


* Corrected for loss of P%* on protein precipitate. 
+ Lost the wash of the protein precipitate. 
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panediol-P did not yield iodoform. Although lactaldehyde 2. 
phosphate was not available it would undoubtedly be oxidized 
to lactic acid 2-phosphate under these conditions (27). 

Other Methods—The P*-labeled samples were counted on an 
end window Geiger-Muller counter at infinite thinness. Total 
and inorganic phosphate were determined by a modification of 
the Gomori method (28). Protein was determined by the biuret 
method (29) with crystalline bovine serum albumin (Armour) as 
standard. 


RESULTS 


Substrate Specificity of Glycerol Phosphate Dehydrogenase— 
Glycerol phosphate dehydrogenase oxidized only glycerol 
phosphate and propanediol-P (Table 1) so that traces of 1 ,2-pro- 
panediol and ethanol* which were present did not interfere. 
1 ,2-Propanediol partially inhibits the oxidation of propane- 
diol-P when present in equimolar amounts but not when present 
as a trace contaminant (observed to be 0.5 to 2 per cent by peri- 
odate uptake) of propanediol-P solutions. 

Properties of Enzyme—The initial reaction rate of the rabbit 
muscle enzyme with propanediol-P as substrate was proportional 
to the amount of protein present and linear for the first 5 minutes. 
The specific activity of the enzyme preparation with glycerol 
phosphate was about 1000 times that with propanediol-P.  Be- 
cause of this large difference in activity it was necessary to use 
much more protein to determine the affinity of the enzyme for 
propanediol-P than necessary for a similar study with glycerol 
phosphate. With the method of Lineweaver and Burk (30) it 
was found that the A, for propanediol-P (70 per cent pDtL-1 ,2- 
propanediol 1-phosphate, protein concentration of 1.6 mg. per 
ml.; other conditions as in Table I) was 1.8 107! mM, whereas 
it was 8.1 X& 10-3 for glycerol phosphate (protein concentration 
0.016 mg. per ml.). 


tions. 


Evidence for Formation of Acetol Phosphate—In order to accu- 
mulate large amounts of the oxidation product for characteriza-— 


tion, the oxidation of propanediol-P was coupled to the reduction 
of pyruvate in the presence of lactic dehydrogenase. Prelimi- 
nary results indicated that acetol-P was being formed as deter- 
mined by the fluorometric method. A controlled experiment 
was then run (Table II) with P*-labeled propanediol-P as a sub- 
strate to facilitate isolation of its oxidation product. 
seen that the reaction was strictly dependent on the presence of 
propanediol-P, DPN, and enzyme. Pyruvate was not an abso- 
lute requirement for the reaction, but it had a marked stimulatory 
effect. The reaction appeared to have reached completion since 
(a) a reduction of the enzyme concentration to one-tenth of the 


amount used in the complete system only decreased the per cent | 
yield of acetol-P by one-half, and (6) the per cent yield was only — 


slightly changed by a 6-fold reduction in substrate. Chromatog- 
raphy of the KCIO, supernatant of the complete system (Tube 
1, Table IIT) on Dowex I (Cl-, 1.0 * 12 em.) and elution with 
0. 01 Nn NaCl in 0.003 nN HCl revealed a peak of acetol-P with the 


acetol-P values (by the fluorometric method) paralleling the P* 


3 Ethanol is introduced when used for precipitation of the bar-_ 


ium salt of propanediol-P and is not completely removed eve! 
though the barium salt has been left for months in a vacuum over 
P2Os. 


4 Change in optical density at 340 my per minute per mg. of pro 


tein. 


The Vinax of the enzyme on propanediol-P | 
was 0.0154 and 2.07 on glycerol phosphate under the same condi- - 
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activity. In the case of the complete system minus DPN (Tube 
5, Table II) only propanediol-P could be detected upon chroma- 
tography. When both glycerol phosphate and propanediol-P 
were present small amounts of two other unidentified compounds 
were formed neither of which reacted in the fluorometric method 
after phosphatase treatment. These compounds remain to be 
identified. 

For further identification the acetol-P from off of the column 
was chromatographed on paper. The enzymatically formed 
compound traveled identically to the synthetic material in three 
different solvent systems. When the paper chromatograms were 
sprayed with aniline (2 per cent redistilled aniline in 100 per cent 
ethanol) and heated (2 inches above a heavy duty hot plate), a 
single red-brown spot formed which coincided with the radioac- 
tive spot of acetol phosphate in all cases. Under the conditions 
employed inorganic phosphate and propanediol-P did not give a 
color reaction with aniline. 

Aliquots of the acetol-P obtained from the Dowex I columns 
were also subjected to NaOI oxidation at 0°. Both the chemi- 
cally and enzymatically synthesized acetol-P immediately formed 
iodoform precipitates and a phosphate ester traveling slower in 
the pH 7.0 solvent of Paladini and Leloir (15) than acetol-P, in- 
organic phosphate, or propanediol-P. Upon solution in acetone 
these iodoform precipitates showed a spectral maximum at 339 
mu, identical to authentic iodoform. Glycolic acid was released 
from the slow moving phosphate ester upon phosphatase hydroly- 
sis as evidenced by the formation of a typical red-purple color 
when heated with 2,7-napthalenediol in concentrated H.SO,. 
The specific activity of the acetol-P formed in the complete sys- 
tem was 107,000 c.p.m. per umole. The glycolic acid phosphate 
formed by the NaOI oxidation of this acetol-P had a specific ac- 
tivity of 101,000 ¢.p.m. per umole (based on the colorimetric 
determination of glycolic acid). 

Reversibility of Reaction—Acetol-P was incubated with lactic 
acid, DPN, and the rabbit muscle (1.75 to 2.40 mM ammonium 
sulfate) fraction as shown in Table III. The acetol-P® which 
had been freed from propanediol-P® by paper chromatography 
was added in some cases to facilitate isolation of enzymatically 
formed propanediol-P. 

The disappearance of acetol-P from the system was dependent 
on the presence of the protein fraction, DPN, and lactate. 
Chromatography of Tubes 1 and 13 (Table III) on Dowex I 
revealed a typical peak of propanediol-P® which was not present 
in the control without enzyme (Tube 7). The propanediol-P* 
isolated from Tube 13 traveled identically to authentic propane- 
diol-P*? on paper chromatograms in three different solvents. 
Thus, it can be concluded that the reaction is reversible. 

Fate of Propanediol-P in Rat Liver—With the finding that 
propanediol-P could be oxidized by muscle enzymes to acetol-P, 


it became of interest to see if a similar oxidation took place in 


rat liver. Previous experiments (31) suggested that propane- 
diol-P was an intermediate in the oxidation of acetone to lactic 
acid in this tissue. Propanediol-P® was incubated with homog- 
enates and minces of rat liver in the hope that P-labeled oxida- 
tion products might be detected. Inorganic phosphate-P*? but 


— no acetol-P® or other phosphate esters were detected. 


1790 gm. of rabbit muscle. 
_ tatio of counts per minute to umoles of acetol-P showed no de- 


An experiment was carried out to determine the amount of 
acetol-P present in rabbit liver and muscle. P*?-labeled acetol-P 
(3.8 umoles) was added separately to 501 gm. of rabbit liver and 
In either case after reisolation the 
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TaB_LeE III 


Reduction of acetol phosphate to 1,2-propanediol phosphate 
by rabbit muscle enzyme system 


The complete system contained, in a final volume of 1.00 ml., 
50 wmoles of potassium phosphate (pH 7.4); 0.75 umole DPN; 94 
umoles potassium lactate, 2.0 umoles of potassium acetol phos- 
phate (except Tube 13), and 18.6 mg. of protein. 48 mymoles of 
P*?-labeled acetol phosphate (8 X 10°¢.p.m. per umole) were added 
to Tubes 1,7,and13. All tubes were incubated at 38° for 4 hours, 
40 minutes. Then 0.10 ml. of 3 N HClO, was added, the precipi- 
tate centrifuged off, the precipitate washed once with 1 ml. of 
0.03 n HClO, and once with 0.50 ml. of water. The combined 
supernatants were neutralized to pH approximately 6 (bromcresol 
purple) with 3 nN KOH and centrifuged at 0°. The KCIO, super- 
natants were assayed for acetol phosphate fluorimetrically. 


Acetol phos- 
Tube No. Reaction conditions phate dis- 
appearance 
% 
] Complete system 23 
2 Acetol-P reduced to 1 umole 27 
3 Acetol-P reduced to 0.5 umole 20 
4 Acetol-P omitted 
5 Enzyme reduced to 9.3 mg. 29 
6 Enzyme reduced to 1.9 mg. 19 
7 Enzyme omitted 4 
S DPN omitted 2 
9 Lactate increased to 188 umoles 29 
10 Lactate decreased to 47 umoles 29 
11 Lactate decreased to 16 uwmoles 12 
12 Lactate omitted 6 
13 Complete system with high specific ac- 
tivity acetol-P* 
tectable change. If acetol-P had been present in these tissues it 


would have caused a change in the specific activity unless present 
in amounts less than 1 to 2 wmoles per kg. 


DISCUSSION 


Results of chromatographic studies on the product of propane- 
diol-P® oxidation by glycerol phosphate dehydrogenase demon- 
strate the major product of this reaction to be acetol-P® as in- 
dicated in Reaction 3. 


OH 


+ DPN 


Propanediol-P 


(3) 


— CH:COCH.OPO;H., + DPNH 
Acetol-P 


Studies by Sellinger and Miller (32) on the oxidation of DPNH 
by acetol phosphate (synthesized from acetol acetate) in the 
presence of rabbit muscle glycerol phosphate dehydrogenase are 
in accord with this reaction. However, these authors report an 
inhibition at high propanediol-P levels which we have never ob- 
served. This would suggest that there is a difference in the pro- 
panediol-P preparations or that at the stage of purity used in 
present studies the enzyme was less susceptible to inactivation by 


this compound. The same reasons may explain the 40-fold 
greater K, which we observed for propanediol-P. Chemical 
studies on the structure of synthetic propanediol-P have shown 
that this compound is a mixture of 1 ,2-propanediol 1-phosphate 
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(70 per cent) and 1,2-propanediol-2-phosphate (30 per cent). 
Since propanediol-P is prepared from racemic propylene oxide 
four isomers must be present with only 35 per cent of the material 
L-1 ,2-propanediol 1-phosphate. In the presence of lactic de- 
hydrogenase and a 12-fold excess of pyruvate over propanediol-P 
to pull Reaction 3 to the right a 32 per cent yield of acetol-P was 
observed (Table II, Tube 3). Thus, apparently only one of the 
isomers of | ,2-propanediol 1-phosphate (presumably the L form) 
had been used up during the incubation. The other three iso- 
mers were apparently not acted on by the enzyme since only a 
peak of acetol-P and propanediol-P were obtained at the end of 
the incubation with enzyme. However, the possibility that 
small amounts of lactaldehyde 2-phosphate were formed and 
chromatographed identically to acetol-P cannot be ruled out by 
the present experiments. 

Acetol-P has been reported as a product of the phosphoryla- 
tion of acetol by a rat liver homogenate (33). In the present 
report it has been demonstrated to be the product of propanediol- 
P oxidation by a rabbit muscle enzyme. However, acetol-P has 
not been demonstrated to occur naturally. Therefore, a search 
was made to determine if acetol-P could be detected in either 
muscle or liver tissue. It was found that this compound could 
not be detected in rabbit muscle or liver by very sensitive isotope 
dilution experiments. Although propanediol-P has not been iso- 
lated from muscle (1), sensitive methods have not vet been em- 
ployed to detect this compound in muscle tissue. 


Enzymatic Oxidation of 1,2-Propanediol Phosphate 
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Propanediol-P was originally isolated from beef brain (1) and 
evidence presented for its occurrence in rat liver (4). The pres- 
ent study of the oxidation of propanediol-P® by various rat liver 
enzyme preparations has failed to reveal an enzymatic oxidation 
to acetol-P*”. Attempts to detect a propanediol-P dehydro- 
genase in rabbit liver have also proved unsuccessful. However, 
dephosphorylation of propanediol-P® by rat liver preparations 
has been observed. Therefore, it seems possible that metabolism 
occurs only after hydrolysis to 1,2-propanediol. In accord with 
this possibility is the observation that there is an enzyme in liver 
which very actively dehydrogenates 1,2-propanediol. This en- 
zyme is being studied at present. 


SUMMARY 


The reversible oxidation of 1,2-propanediol 1-phosphate to 
acetol phosphate has been demonstrated with a rabbit muscle 
enzyme preparation. It has not been possible to detect acetol 
phosphate-P® or other P*-labeled oxidation products arising 
from P*?-labeled 1 ,2-propanediol phosphate in rat liver prepara- 
tions. Acetol phosphate has been shown to be absent in rabbit 
liver and muscle. 7 

Chemically synthesized propanediol phosphate has been shown 
to be a mixture of 1,2-propanediol 1-phosphate (66 to 86 per 
cent) and 1,2-propanediol 2-phosphate. An equilibrium mix- 
ture of these isomers was established at 76 per cent 1 ,2-propane- 
diol 1-phosphate. 
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the mucosal side. 
~ mucosal lipides, as well as those of the intestinal wall, were frac- 
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The necessity for complete or partial hydrolysis of ingested 
triglycerides as a prerequisite for absorption is still unresolved. 
A number of recent investigations have indicated that a signifi- 
cant quantity of ingested triglycerides are hydrolyzed to fatty 
acids before absorption (1-3). A suitable method in vitro has 
not been available which would enable one to place a specific 
lipide on the mucosal side of the intestinal wall in order to study 
its disappearance from the mucosal solution and to determine its 
appearance on the serosal side. Recently an intestinal sac 
procedure in vitro was reported in which fatty acids were found 
to be absorbed and converted into esterified fatty acids which 
were recovered on the serosal side (4). However, with the sac 
procedure it was not possible to sample continuously the mucosal 
and serosal solutions in order to determine whether or not this 
absorptive process occurs continuously during the incubation 
period. In addition, the small volume of the resulting serosal 
solution of the sacs did not allow a complete characterization of 
the absorbed materials. 

In this study, the cannula apparatus in vitro of Wilson (5) has 
been used. The serosal and mucosal solutions were periodically 
analyzed after placing a C'-palmitic acid-albumin complex on 
After incubation, the resulting serosal and 


tionated and analyzed for activity in an attempt to obtain addi- 
tional information as to the mechanism of fatty acid absorption. 


EXPERIMENTAL AND RESULTS 


Methods and Materials—The small intestine of a male golden 
hamster was everted and used in the cannula apparatus as de- 
scribed by Wilson (5). A complex of C'-palmitic acid and 
albumin was prepared by the procedure previously described (4). 
Free and esterified fatty acids were isolated with the aid of a 
carrier, according to the method of Borgstrém (6). The resulting 
esterified fatty acids were separated into glycerides and further 
fractionated into mono-, di-, and triglycerides by the procedures 
of Borgstrém (6, 7). 

Absorption of Fatty Acids—The C'*-palmitic acid-albumin 
solution, 25 ml., containing 250 mg. of glucose per 100 ml., was 
placed on the mucosal side of the intestine. An equal volume 


of Krebs-bicarbonate buffer (8), containing the same concentra- 


tion of glucose, was employed on the serosal side. The prepara- 
tion was incubated at 37° for 2} hours. Aliquots of the mucosal 
(0.1 ml.) and serosal (0.5 ml.) solutions were removed each } 
hour and plated for activity. In Fig. 1 are shown the results of 
4 typical experiment. 

Separation of Free and Esterified Fatty Acids—After incubation, 


the mucosal and serosal solutions were removed. The intestine 


*This work has been supported by the Williams-Waterman 
Fund and the United States Public Health Service. 


The 
lipides of these three solutions were extracted and separated into 


was washed thoroughly and homogenized in 5 ml. of water. 


free and esterified fatty acids with the aid of carriers (6). The 
average values obtained for this separation are shown in Table I. 

Fractionation of Esterified Fatty Acids—In order to establish 
that the activity appearing in the serosal solution as esterified 
fatty acids was present as neutral glycerides and not as apprecia- 
ble quantities of phospholipides or cholesterol esters, the esterified 
fatty acids from the serosal solutions were dissolved in acetone 
and then subjected to chromatography on a silicic acid column 
(6). No significant activity remained in the acetone-insoluble 
material or the cholesterol ester fraction coming off the column. 
The activity was confined to the glyceride fraction. 

A sample of the glycerides appearing in a serosal solution was 
subjected to hydrolysis by refluxing with a 3 per cent alcoholic 
KOH solution for } hour. The hydrolysate was then frac- 
tionated in order to determine whether the original glyceride 
activity was now in the free fatty acid fraction. An aliquot of 
the original glyceride contained 1115 ¢.p.m. Following saponifi- 
cation and separation, the activities of similar aliquots were 
1103 ¢.p.m. and 0 ¢e.p.m. for the free fatty acids and glycerides, 
respectively. 

The esterified fatty acids from the mucosal and serosal solu- 
tions and intestinal wal] were separated into mono-, di-, and 
triglvcerides (7). The activities in these fractions are given in 
Fig. 2 together with the activity found as free fatty acids in each 
of these compartments. 


DISCUSSION 


It had been previously reported from this laboratory that fatty 
acids can penetrate the intestinal wall of a sac preparation in vitro 
and be converted into esterified fatty acids, which appear in the 
serosal solution (4). In the present investigation, fatty acids, 
as the sole lipide placed on the mucosal side of a cannula ap- 
paratus tn vitro, were continuously absorbed and transformed 
into serosal glycerides over a 2-hour period. This process oc- 
curred without the addition of lower glycerides to the incubation 
mixture. The activity in the final serosal solution was pre- 
dominantly in triglycerides with small quantities of diglycerides 
and free fatty acids. The penetration of trace quantities of the 
latter compound is in agreement with the finding of small 
amounts of fatty acids in the lymph of a patient with chyluria 
as reported by Blomstrand and Ahrens (9). The activity in the 
glycerides was confined to the fatty acid portion of the molecule. 
In this system in which the absorption of fatty acids can be 
observed, it has not been possible to demonstrate any appreciable 
transfer of triglyceride. 

The activity in the intestinal wall was 80 per cent glycerides 


1 J. M. Johnston and H. C. Tidwell, unpublished data. 
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Fic. 1. The transfer of activity from mucosal (X) to serosal 
(CO) solution after placing 25 ml. of C'*-palmitic acid-albumin com- 
plex on mucosal side. 


TABLE 
Distribution of activity after incubation of C'-palmitic 
acid-albumin complex 
To the mucosal side of the everted intestine were added 25 ml. 
of C'4-palmitic acid-albumin complex. Serosal solution was 25 
ml. of Krebs-bicarbonate buffer. Incubation period was 2 hr. at 


Per cent of activity* 
Original activity 
Free  Esterified 
fatty acid fatty acid 
% | 
Mucosal solution........... 72.0 83.5 16.5 
WAll............. 11.2 20.4 79.6 
Serosal solution............ 2.5 13.0 87.0 
Original fatty acidT........ 99.4 0.6 


* Based on the total activities of free and esterified fatty acids. 
t C'4-palmitic acid-albumin complex not exposed to intestine. 


and 20 per cent free fatty acids. The glycerides isolated from the 
intestinal wall were 88 per cent triglyceride and 11 per cent 
diglyceride. The total quantity of the glycerides in the wall 
was approximately five times that in the serosal solution. 
Detectable quantities of glycerides were in the mucosal solu- 
tion at the end of the incubation period. The finding of glyc- 
erides in the mucosal compartment might be explained in part 
by the actual sloughing of mucosal cells during the incubation 
period. However, the possibility exists that fatty acids, ab- 
sorbed into the intestinal wall, may be synthesized into glycerides 
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Fic. 2. Distribution of glvceride activity in mono-, di-, and 
triglycerides from the mucosal and serosal solutions and intestinal 
wall. The activity recovered as free fatty acids in these compart- 
ments is also indicated. 


which in part are secreted back into the mucosal compartment. 
This phenomenon may explain the possible synthesis of a new 
ester bond in the intestinal lumen reported by Ahrens and 
Borgstrém (10). 

Recently Kennedy proposed a mechanism for triglyceride 


synthesis in liver in which monoglyceride was not reported on — 


the pathway (11). 
demonstrated to be an intermediate in triglyceride synthesis in 
liver (12). 


However, the p-a,@-diglyceride has been 


The present investigation on fatty acid absorption | 


indicated activity in the diglyceride fraction but not in the | 


monoglyceride fraction. This observation suggests that a similar 
mechanism may occur during the absorption of fatty acids by the 
intestine. 


SUMMARY 


1. With the use of a preparation in vitro, labeled fatty acids 
are continuously absorbed from the mucosal solution and trans- 
ported to the serosal compartment over a 2-hour period. 


2. The activity in the serosal solution is found predominantly | 


as triglyceride with small amounts of diglyceride and free fatty 
acids. The distribution of glyceride activity in the intestinal 
wall is similar to that in the serosal solution. 

3. The relationship of the reported findings to the mechanism 
of fatty acid absorption is discussed. 
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The Accumulation of Phosphate Esters of Mono- and 
Dimethylethanolamine by a Mutant Strain of 
Neurospora crassa* 
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A previous publication from this laboratory described the ac- 
cumulation of dimethylethanolamine by a mutant of Neurospora 
crassa, strain 47904 (1). In earlier work Horowitz (2) showed 
that strain 47904 also accumulates large quantities of mono- 
methylethanolamine. This mutant requires choline for optimal 
growth, but can grow at a subnormal rate in liquid minimal 
medium. This organism also is known to have a markedly 
greater resistance to aminopterin than is observed with a normal 
“wild type” strain (3). It has been suggested that in this strain 
an altered folic acid metabolism due to a mutation has mani- 
fested itself in a reduced ability to condense monomethylethanol- 
amine and dimethylethanolamine with 1-carbon units (1). 

This paper presents evidence for the accumulation of both 
phosphorylmonomethylethanolamine phosphoryldimethyl- 
ethanolamine by strain 47904. The isolation of these two com- 
pounds from a living source has implications which relate to the 
syntheses of both choline and phospholipides. 


MATERIALS 


Sodium formate-C™ was obtained from Isotopes Specialties 
Company, Inc. The barium salt of phosphorylcholine was ob- 
tained from the California Foundation for Biochemical Re- 
search. 

Synthetic Phosphorylmonomethylethanolamine—The phosphate 
ester of monomethylethanolamine was prepared according to a 
slightly modified method of Fuchs (4). Monomethylethanol- 
amine, 5 gm., P2O;, 20 gm., and H3PQO, 25 gm., (85 per cent) were 
heated under reflux for 10 hours; the resulting phosphorylmono- 
methylethanolamine, isolated as the barium salt, was dissolved 
in water, titrated to pH 3.6 with H.SO,, and filtered. The phos- 
phate ester in the filtrate was precipitated from an aqueous 
ethanol solution and dried at 130° under vacuum, softens at 
194°, melts at 199-204° (corrected). (All melting points were 
observed under polarized light on a Kofler micro-melting point 
apparatus.) The observed melting range, which varies with 
changes in the rate of heating, differs from that reported by 
Fuchs (4). 


* This investigation was supported in part bv a grant from the 
Williams-Waterman Fund of the Research Corporation and by a 
grant (RG-4701) from the Division of Research Grants of the 
National Institutes of Health, United States Public Health Service. 

+t Taken from the dissertation submitted by Beverly Wolf in 
partial fulfillment of requirements for the degree of Doctor of 
Philosophy, University of California at Los Angeles, January 1959. 


Calculated: C 23.22, H 6.45 
Found:! C 23.40, H 6.49 


Synthetic Phosphoryldimethylethanolamine—A slightly modified 
method of Fuchs (4) was used for the preparation of the phos- 
phate ester of dimethylethanolamine. Five gm. of dimethyl- 
ethanolamine, 20 gm. of P.Os5, and 40 gm. of H3PO, (85 per cent) 
were heated under reflux for 7 hours; a monohydrate of the free 
phosphate ester was obtained by the procedure described above 
when the synthetic product was dried under vacuum at room 
temperature. The melting point (75-80°) reported by Fuchs 
for the free phosphate ester of dimethylethanolamine is actually 
that of the monohydrate. 


Calculated: C 25.65, H 7.49 
Found:! C 25.79, H 7.57 


Anhydrous phosphoryldimethylethanolamine was obtained by 


heating the monohydrate overnight under vacuum at 60°, m.p. 


Calculated: C 28.40, H 7.10 
Found:! C 28.45, H 7.25 


Equivalent weight determinations obtained by titration of the 


monohydrate and anhydrous compound were 186 and 167, re 
spectively, corresponding to theoretical values of 187 and 169. 
Phosphoryldimethylethanolamine Picrate Derivative—An equ 
molar amount of picric acid was added to a saturated aque- 
ous solution of phosphory]ldimethylethanolamine. The mixture 


was brought into solution by adding a minimal amount of hot. 


methanol. 
solution cooled were recrystallized from methanol, m.p. 156 
157° (corrected). A 4:3 ratio of phosphoryldimethylethanol- 
amine to picric acid is suggested from the observed results. 


The fine yellow needles which precipitated as the 


| 


CasH 


Calculated: C 29.95, H 4.25, P 9.09 
Found:! C 30.31, H 4.34, P 9.12 


Difficulty was experienced in obtaining reproduceable nitroger | 


1 Elemental analyses were made by Elek Micro Analytical Lab- | 
oratories, Los Angeles, California. 
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analyses. Colorimetric and titrimetric data support the view 
that 4 moles of phosphoryldimethylethanolamine combine with 
3 moles of picric acid to form the derivative. Phosphorylcholine 
and picric acid are also known to combine in a ratio other than 


1:1 (5). 
METHODS 


Biological Assay of Phosphate Esters—Horowitz et al. (6) have 
shown that Neurospora strain 34486, a mutant which requires 
either monomethylethanolamine, dimethylethanolamine, or cho- 
line for its growth, can also utilize phosphorylcholine in auto- 
claved cultures. The more recently observed growth response 
of strain 34486 to either phosphorylmonomethylethanolamine 
or phosphoryldimethylethanolamine is shown in Fig. 1. The 
capability of the phosphate esters of monomethylethanolamine, 
dimethylethanolamine, and choline to support the growth of 
strain 34486 is undoubtedly due to hydrolysis of these compounds 
to the free amines upon sterilizing the media containing these 
esters in the autoclave. When the phosphate esters were filter- 
sterilized, rather than autoclaved, no growth of strain 34486 
occurred. The growth response of strain 34486 to the autoclaved 
phosphorylated ethanolamines was used to locate these esters 
as they emerged from chromatographic columns. This organism 
was also employed for the quantitative determination of these 
compounds by the general microbiological assay procedure of 
Horowitz and Beadle (7). 

Growth and Extraction of Mold—The procedures for the growth 
of the mold, its subsequent extraction, and the final preparation 
of 80 per cent alcohol-soluble concentrates have been described 
previously (8). Cultures, 6 |., of Neurospora strain 47904 or 
the normal wild type strain 1A, were grown for 10 days on mini- 
mal medium for each of the experiments described in this com- 
munication with the exception of the isolation of phosphoryl- 
monomethylethanolamine, where mycelial extracts from two of 
these cultures were required. 

When C-labeled material was desired, strain 47904 or strain 
1A was grown on minimal medium supplemented with 95 mg. 
of sodium formate-C" (8.6 10%c.p.m. per mg. of C). Previous 
work in our laboratory has shown that formate is readily in- 
corporated into the methyl group of monomethylethanolamine 
in Neurospora (8), and in the present studies, the esters under 
investigation were sufficiently labeled by formate to make iso- 
topic experiments feasible. 

Chromatography of Mycelial Extracts—Chromatographic col- 
umns (15 & 450 mm.) of Dowex 50 cation exchange resin (hydro- 
gen form) were used with either 1.5 N or 0.3 N HCl as the eluting 
solvent at a flow rate of 16 ml. per hour. 


EXPERIMENTS AND RESULTS 


When mycelial extracts of strain 47904 were chromatographed 
with 1.5 n HCl as the eluting solvent, a heretofore unrecognized 
biologically active material (Fraction A) emerged in the effluent 
with a concentration peak at 120 ml. Synthetic phosphory]- 
monomethylethanolamine and phosphoryldimethylethanolamine, 


_ chromatographed individually under the same conditions, emerged 
in the effluent with concentration peaks at 112 ml. and 129 


ml, respectively. Upon hydrolysis of the biologically active 


_ Fraction A, with the use of the method of Horowitz and Beadle 


(7), and rechromatography of the hydrolysate, two biologically 


active compounds with the chromatographic behavior of free 
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Fig. 1. Growth of strain 34486 on synthetic phosphorylmono- 
methylethanolamine, @——®@, phosphoryldimethylethanolamine, 


O——O, and phosphorylcholine barium salt, X——X. (Auto- 
claved 15 minutes, 15 pounds pressure.) 
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Fic. 2. Elution of phosphorylmonomethylethanolamine and 
phosphoryldimethylethanolamine from a Dowex 50 (15 & 450 mm.) 
cation exchange column with 0.3 nN HCl as the eluting solvent. 
Extract prepared from 40 gm. (wet weight) of strain 47904 myce- 
lium. 


monomethylethanolamine and dimethy lethanolamine (1) emerged 
from the column. 

When Fraction A was rechromatographed with 0.3 n HCl as 
the eluting solvent, two biologically active materials were re- 
covered from the effluent with peaks at 310 ml. and 370 ml. 
(designated as A’ and A” in Fig. 2). These correspond in posi- 


tion to synthetic phosphorylmonomethylethanolamine and phos- 


phoryldimethylethanolamine, respectively. 

Isolation and Identification of Phosphorylmonomethylethanol- 
amine—Fraction A’ was taken to dryness under vacuum; the 
residue was redissolved in water, titrated to pH 3.5 with solid 
silver carbonate, and filtered. The filtrate was taken to a small 
volume at reduced pressure. The addition of small amounts of 
absolute ethanol precipitated an amorphous material which ex- 
hibited no biological activity toward the choline deficient Neuro- 
spora strain 34486. The addition of more absolute ethanol to 
the filtrate yielded 10 mg. of a white crystalline precipitate which 
contained most of the biological activity. An unstable contam- 
inate was removed from this isolated material by heating at 130° 
under vacuum for 6 hours, after which time the contaminant 
could be removed as a discolored water-insoluble decomposition 
product. The heat stable material was recrystallized from a 
water-ethanol solution, dried at 130°, and stored in a desiccator. 
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A melting point range of 190—200° was observed; a mixed melting 
point with authentic phosphorylmonomethylethanolamine did 
not show a melting point depression. Biological assay of the 
isolated compound in autoclaved cultures revealed a growth curve 
superimposable with that obtained with authentic phosphory]- 
monomethylethanolamine. The infrared spectra of the isolated 
material and synthetic phosphorylmonomethylethanolamine were 
indistinguishable. 

An isotopic dilution experiment was also performed, wherein 
an extract obtained from strain 47904 which had been grown in 
the presence of sodium formate-C™“ was chromatographed as 
described above. Fraction A’ was titrated to pH 3.5 with solid 
silver carbonate and then diluted 50-fold with authentic, un- 
labeled phosphorylmonomethylethanolamine. The diluted phos- 
phate ester was heated as discussed above, and recrystallized 
from an aqueous ethanol solution until constant isotopic ac- 
tivity was obtained as determined by oxidizing the phosphory]- 
monomethylethanolamine to COz and counting in a flow counter 
as barium carbonate. The results are shown in Table I. 

Identification of Phosphoryldimethylethanolamine—Due to the 
small amount of phosphoryldimethylethanolamine accumulated 
in strain 47904, an isotopic dilution experiment was necessary 
to identify this compound. Fraction A’’, obtained from an ex- 
tract of strain 47904 which had been grown on sodium formate- 
C4", was titrated to pH 3.6 with silver carbonate, diluted 90-fold 
with authentic phosphoryldimethylethanolamine, filtered, and 
isolated as the picrate derivative. Recrystallization from meth- 
anol was repeated until constant isotopic activity was obtained 
as determined by oxidizing the material to CO. and counting in 
a flow counter as BaCO 3. The results are shown in Table I. 

The growth responses obtained with increasing aliquots of the 
isolated compound in autoclaved media were indistinguishable 


TABLE I 
Combustion of samples after successive recrystallizations* 


Sample | Melting point | 

Phosphory!monomethyletha- | 1 187-197° | 
nolamine | 2 190-198° 2214 
3 1S8-199° 1971 
4 190—200° 2127 

| 
Phosphoryldimethy let hanol- |  152-155° 298 
amine picrate | 2 —:152.5-155° 298 
318 
| 4 | 153-155° | 316 


* All combustions were run in duplicate. 


TABLE II 


Quantities of phosphate esters of methylated ethanolamines isolated 
from mycelial extracts of Neurospora crassa 


Values expressed as wg. per gm. wet weight mold. 


Strain P-MMEA* P-DMEAt P-cholinet 
| i 
| | 
1A | 1.5 | 50 
47904 155 | 12 | 2.5 


* Phosphorylmonomethylethanolamine. 
+ Phosphoryldimethylethanolamine. 
t Phosphorylcholine. 


Phosphate Esters of Methylated Ethanolamines in Neurospora 
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from those observed with the authentic material. Further sub. 
stantiation of the identity of Fraction A” is the analogous chro- 
matographic behavior of synthetic phosphoryldimethylethanol- 
amine and Fraction A”, as discussed above. 

Quantitative Determination of Phosphate Esters in Strains 47904 
and 1A—The amounts of the phosphate esters of methylated 
ethanolamines accumulated by strains 47904 and 1A when grown 
on minimal medium are shown in Table II. In both strains, 
the accumulation pattern of the phosphate esters resembles that 
of the free methylated ethanolamines (1). Thus strain 1A ac- 
cumulates large quantities of phosphorylcholine and _ small 
amounts of a material with the chromatographic behavior of 
Fraction A. Since wild type does not accumulate free mono- 
methylethanolamine but does accumulate traces of a material 
with the chromatographic behavior of dimethylethanolamine, it 
seems likely that the active material in Fraction A is phosphoryl- 
dimethylethanolamine. In contrast to wild type, strain 47904 
accumulates large quantities of phosphorylmonomethylethanol- 
amine, phosphoryldimethylethanolamine, and small amounts of 
a material with the chromatographic behavior of phosphoryl- 
choline. 

DISCUSSION 


A previous publication from this laboratory (1) discussed the 
possibility that the genetic deficiency in Neurospora strain 47904 
manifests itself by a reduced ability to condense monomethy!- 
ethanolamine and dimethylethanolamine with 1l-carbon units, 
since both of these compounds are accumulated in the mycelium 
of this mutant. The accumulation of phosphorylmonometh- 
vlethanolamine and phosphoryldimethylethanolamine by this 
mutant, reported upon in this paper, implicates these compounds 
as possible choline precursors. 

Inadequate evidence has been accumulated regarding the 
individual steps involved in the biological synthesis of choline. 
The formation of serine from pyruvate is known to have phos- 
phorylserine as an intermediate (9). Stetten (10) and more 
recently Elwyn and Sprinson (11) have shown in studies in vivo 
that carbon atoms 2 and 3 of serine are the metabolic source of 
the ethanolamine moiety in choline. It is not known whether 


it is serine or its phosphate ester which is decarboxylated to form 
either ethanolamine or phosphorylethanolamine, respectively. | 
Venkataraman and Greenberg (12) have utilized rat liver homog- | 


enates to demonstrate an over-all synthesis of choline when 
either ethanolamine or dimethylethanolamine was used as the 
substrate for condensation with formaldehyde. The existence 
of specific phosphokinases within cells (13, 14) justifies a serious 
consideration of the possibility that phosphorylation of sub- 
strates, added as supplements to a system, may occur before their 
subsequent condensation with 1-carbon units to form choline. 
Wittenberg and Kornberg (13) have shown that choline phos- 
phokinase, an enzyme present in liver and yeast, is capable of 
phosphorylating ethanolamine, monomethylethanolamine, and 
dimethylethanolamine. Tolbert and Lowenberg (14) have re- 
ported that when either monomethylethanolamine or dimethyl 
ethanolamine was furnished as a substrate to etiolated wheat 


seedlings, the amines were phosphorylated. The question as_ 


to whether the free amines or the phosphate esters are more 
direct precursors for the synthesis of choline remains to be an- 


swered. The solution to these questions will probably neces- | 
sitate further studies with purified cell-free enzyme systems be- . 


cause of the cell permeability problems usually associated with 
phosphorylated substrates. 
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Another alternative can be offered for the accumulation of the 
phosphate esters of monomethylethanolamine and dimethyl- 
ethanolamine in the mutant. If one considers the possibility 
that the free amines are the direct precursors of choline, then 
the formation of the phosphate esters could be due to channeling 
of the abnormally accumulated free amines into side reactions by 
mass action. 

The work of Kennedy and Weiss (15) has shown that phos- 
phorylcholine, through the formation of cytidine diphosphate 
choline, is an intermediate in the formation of lecithin. The 
isolation of phosphorylmonomethylethanolamine and _phos- 
phoryldimethylethanolamine suggests a similar role for these 
compounds as intermediates of phosphatidyl derivatives con- 
taining monomethylethanolamine and dimethylethanolamine. 
The phospholipide fraction of strain 47904 has recently been 
shown to contain large amounts of both monomethylethanol- 
amine and dimethylethanolamine.2?. Presumably, the interme- 
diates, cytidine diphosphate monomethylethanolamine and cy- 
tidine diphosphate dimethylethanolamine might be involved in 
the synthesis of these phosphatides in strain 47904. Studies 
still in progress have disclosed the presence of two unidentified 
fractions in extracts of Neurospora strains 47904 and 1A which 
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stimulate the growth of the cholineless mutant, strain 34486 
One of these active materials is characterized by its chemical 
instability in acidic solutions. There isa quantitative difference 
in the accumulation of these substances by strains 47904 and 1A. 
The identity of these biologically active materials is under in- 
vestigation. 


SUMMARY 


Phosphorylmonomethylethanolamine and phosphoryldimeth- 
ylethanolamine have been isolated from a choline-requiring 
mutant strain of Neurospora crassa. The isolated phosphory]- 
monomethylethanolamine was characterized by an infrared 
spectrum and an isotopic dilution experiment, and phosphory]- 
dimethylethanolamine was characterized by an isotopic dilution 
experiment. In addition both compounds were indistinguisha- 
ble from the synthetic materials in chromatographic and in 
Neurospora growth-stimulating properties. Synthetic phos- 
phorylmonomethylethanolamine and _ phosphoryldimethyletha- 
nolamine have been characterized further. The implications of 
the accumulation of these compounds by the mutant of Neuro- 
spora have been discussed. 
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COENZYME-CONDENSING ENZYME* 
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B-Hydroxy-8-methylglutarate has, for several years, been in- 
cluded among the hypothetical intermediates of polyisoprene 
biosynthesis (1-4). Rudney (5) has reported the formation of 
HMG! from acetyl-CoA and acetoacetyl-CoA in extracts of rat 
and beef liver microsomes. The instability and low enzyme con- 
tent of these mammalian preparations, as well as their contami- 
nation with competing enzymes, precluded use of microsomal 
extracts to study the biosynthesis of HMG by this pathway. A 
more stable and convenient source of the enzyme was found to 
be bakers’ yeast. This paper describes the identification and 
purification of an enzyme from yeast which catalyzes Reaction 1. 
This enzyme will be referred to as the HMG-CoA-condensing 
enzyme to distinguish 


Acetyl-CoA + acetoacetvl-CoA + H:0 
HMG-CoA + CoASH (1) 


it from the well known citrate-condensing enzyme (6). <A con- 
venient assay for this reaction and some properties of the enzyme 
are presented. The isolation and identification of HMG-CoA, 
the product of this reaction, and studies on the mechanism of 
the condensation are described in the following paper (7). 

Some of this work has appeared in preliminary communica- 
tions (8, 9). Lynen et al. (10) have recently presented evidence 
confirming many of our findings. 


EXPERIMENTAL 


Materials and Methods 


Fresh Red Star bakers’ yeast was used as a source for enzyme 
purification. CoA (75 per cent pure) was obtained from Sigma 
Chemical Company. Pantethine and GSH were obtained from 


* This investigation was supported in part by grants from the 
Life Insurance Medical Research Fund and the Amerigan Cancer 
Society. 

+ Part of this work was completed during tenure of a Postdoc- 
toral Research Fellowship of the National Institute of Arthritis 
and Metabolic Diseases, and part during tenure of a Cleveland 
Area Heart Society Research Fellowship. Present address, De- 
partments of Medicine and Biochemistry, University of Pennsy1- 
vania School of Medicine, Philadelphia, Pennsylvania. 

t Part of this work was completed while this author was a 
Scholar in Cancer Research of the American Cancer Society. 

1 The abbreviations used are: HMG, 6-hydroxy-8-methylglu- 
tarie acid; Tris, tris(hydroxymethyl)aminomethane; EDTA, eth- 
yvlenediamine tetraacetic acid. 


Nutritional Biochemical Corporation, acetic-1-C'*-anhy- 
dride from Volk Radiochemical Company on allocation from the 
Atomic Energy Commission. 

Acetyl-CoA was made by reaction of acetic anhydride with 
reduced CoA, with a modification of the method of Simon and 
Shemin (11). Acetyl pantetheine and acetyl-GSH were made 
by reaction of acetic anhydride with the corresponding reduced 
thiols. Pantetheine was prepared from pantethine by reduction 
with sodium borohydride (12). Acetoacetyl-CoA, acetoacetyl 
pantetheine, and acetoacetyl-GSH were made in a similar man- 
ner, with ketene dimer as the acylating agent. HMG-CoA was 
made by reaction of HMG anhydride with reduced CoA (13). 
Completeness of acylation was verified by absence of residual 
free thiol as determined by the nitroprusside method of Grunert 
and Phillips (14). We are grateful to Professor Lynen for the 
details of the method of HMG-anhydride synthesis before its 
publication. 

Acetyl-CoA was assayed spectrophotometrically with the cou- 
pled malic dehydrogenase and citrate-condensing enzyme system 
of Stern et al. (15). Acetoacetyl-CoA was assayed spectrophoto- 
metrically by conversion to B-hydroxybutyryl-CoA in the pres- 
ence of DPNH and crystalline B-hydroxybutyryl dehydrogenase 
(16).? 

In quantitative isotope studies, HMG-CoA was converted to 
free HMG by alkaline hydrolysis, and isolated from a Dowex 
1-formate column (7). Protein concentration was determined 
by the Lowry method (17), or spectrophotometrically from the 
light absorption at wave lengths 280 and 260 muy as described by 
Warburg and Christian (18). 


Spectrophotometric Assay of HMG-CoA-Condensing Enzyme 


HMG-CoA-condensing enzyme activity was assayed optically 
by measurement of the disappearance of acetoacetyl-CoA in the 
presence of acetyl-CoA. This assay utilized the enolate ion ab- 
sorption of acetoacetyl thiol esters in alkaline solution, and 1s 
based in principle upon the method for assay of acetoacety] thio- 
lase described by Stern (19). Optical density was read at 310 
my in l-cm., 2-ml. quartz cuvettes at room temperature in 4 
Beckman DU _ spectrophotometer. A representative assay 1s 
shown in Fig. 1. 


2 The authors are indebted to Dr. J. R. Stern for generously 
providing crystalline citrate-condensing enzyme and #-hyvdroxy- 
butyryl dehydrogenase for these assays, and to Dr. M. F. Utter 
for providing purified malic dehydrogenase. 
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MINUTES 


Fic. 1. Spectrophotometric assay of HMG-CoA-condensing en- 
zyme. The cuvette contained 150 umoles of Tris buffer, pH 8.1, 
and 7.5 mg. of bovine albumin. The following were added: at 
Point 1, 0.15 umole of acetoacetyl-CoA; at Point 2, 0.5 mg. of en- 
zyme; and at Point 3, 0.3 umole of acetyl-CoA. Final volume 1.5 
ml. The reference cuvette contained buffer, albumin, and en- 
zyme in 1.5 ml. 


The difference in rate of decrease of absorbance before and 
after addition of acetyl-CoA was assumed to be the result of con- 
densation of acetyl-CoA with acetoacetyl-CoA. In crude prepa- 
rations this assumption was not wholly correct because of com- 
peting reactions, to be described later. At pH 8.1, the €si0 of 
acetoacetyl-CoA is approximately 3000 (12). A unit of enzyme 
activity was defined as the amount which produced a decrease in 
absorbance of 0.010 per minute. One unit corresponds to the 
disappearance of approximately 0.005 umole acetoacetyl-CoA 
per minute. Albumin was added to stabilize dilute solutions of 
the enzyme. Addition of magnesium ion made the assay more 
sensitive by increasing the apparent extinction coefficient of 
acetoacetyl-CoA at 310 my, but there was no evidence that addi- 
tion of this ion increased the rate of the condensation. The 
presence of ammonium sulfate or phosphate ions did not affect 
the optical assay. With purified enzyme preparations the assay 
was linear over a 5-fold range of enzyme concentration. Under 
the conditions of the assay the enzyme was about half-saturated 
with acetyl-CoA. An increase in the amount of acetoacetyl-CoA 
present inhibited the enzymatic activity. | 


Preparation of HMG-CoA-Condensing Enzyme 


Fresh Red Star bakers’ yeast, 1} pounds, was slowly agitated 
at 37° with 60 ml. of toluene for4} hours. Liquefaction occurred 
after about 2} hours. The lysed yeast was diluted with an equal 
volume of cold water and centrifuged 20 minutes at 12,000 X g 
at 0°. All subsequent steps were carried out at 0 to 4°. Packed 
Dowex 1-bicarbonate, 1 ml., was added to the supernatant solu- 
tion for each 160 mg. of protein present, and the mixture was 
gently agitated for 20 minutes. The resin was allowed to settle 
and the supernatant solution then decanted through glass wool. 
Solid ammonium sulfate, 351 gm., was slowly added to each liter 
of filtrate to produce 55 per cent saturation (calculated at 25°) 
and the mixture was stirred for 20 minutes. While adding am- 
monium sulfate, sufficient 3 N KOH was added to keep the mix- 


J.J. Ferguson, Jr. and H. Rudney 


1073 


ture at about pH 7.0. The precipitate was removed by centrifu- 
gation at 12,000 x g for 4 hour. To each liter of supernatant 
solution were added 103 gm. of solid ammonium sulfate to pro- 
duce 70 per cent saturation. After stirring for 20 minutes the 
precipitate was removed by centrifugation at 12,000 x g and 
suspended in about 75 ml. of 10-? Mm EDTA. The suspension 
was then dialyzed for 14 hours against 8000 ml. of the same solu- 
tion. After dialysis, the concentration of protein was adjusted to 
10 mg. per ml. and calcium phosphate gel (20) was added to pro- 
duce a gel-protein ratio of 7:15. After gentle agitation for 15 
minutes, the gel was centrifuged 10 minutes at 2500 x g and the 
supernatant solution discarded. The enzyme was then eluted by 
suspending the gel twice in 75 ml. of 0.3 m phosphate buffer, pH 
7.6. Each elution was for 30 minutes, and the eluates were com- 
bined. 

The nucleic acid content of the eluate solution was estimated 
from the spectrophotometric light absorption at wave lengths 
280 and 260 mu and sufficient 2 per cent protamine sulfate solu- 
tion was added (about 0.04 ml. per mg. of nucleic acid) to give a 
Aogo-A2g0 ratio of more than 1.3. The protamine precipitate was 
removed by centrifugation and discarded. Protein was then 
concentrated by addition of solid ammonium sulfate to SO per 
cent saturation, followed by centrifugation. The precipitate 
was conveniently stored as a paste at —15° under 1 ml. of neu- 
tralized saturated ammonium sulfate. Before this last step, the 
enzyme was extremely unstable, losing up to 80 per cent of its 
activity during storage overnight at —15°. The addition of 
EDTA, GSH, orcysteine, or acidification, alkalization, or lyophil- 
ization did not affect this instability. Under ammonium sulfate 
solution, however, the loss of enzymatic activity was only about 
25 per cent in a week. 

At this stage of purity the protein contained 25 to 50 units of 
apparent enzyme activity per mg., but the preparation was 
highly contaminated with acetoacetyl thiolase as assayed by the 
method of Stern (12). Subsequent steps were directed toward 
removal of contaminating thiolase. The ammonium sulfate pre- 
cipitate was dissolved in a minimum amount of water and dia- 
lyzed 13 hours against 10-?M EDTA. The protein concentration 
was then adjusted to 10 mg. per ml. Sufficient 10-* m iodoaceta- 
mide was added to produce a final concentration of 1 « 10-3 M 
and the mixture was kept at 0° for exactly 30 minutes. Neutral- 
ized cysteine then was added to make the final concentration of 
cysteine 5 X 10-3 mM. The solution was then poured into 5 vol- 
umes of saturated (0°) neutralized ammonium sulfate and was 
stirred and centrifuged. The precipitated protein was again 
stored under saturated ammonium sulfate. 

Adding iodoacetamide under the above conditions afforded 
complete inhibition of thiolase, while the apparent activity of the 
HMG-CoA-condensing enzyme decreased about 75 per cent. 
Cysteine was added and the protein precipitated in order to pre- 
vent complete inhibition of the condensing enzyme, which would | 
occur in about 2 hours. Incubation of the iodoacetamide-treated 
protein with 10-? M cysteine did not restore activity of either the 
thiolase or the HMG-CoA-condensing enzyme. 

The iodoacetamide-treated preparations were purified further 
by a second calcium phosphate gel adsorption and elution with 
0.2 m phosphate buffer, at pH 7.6, giving up to 6-fold purifica- 
tion in this single step. Preparations so treated have retained 
activity for a year while stored at —15°. 

Table I tabulates purification and vield at various stages of a 
representative preparation. 
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TABLE I 


Summary of purification of B-hydroxry-B-methylglutar yl- 
CoA-condensing enzyme 


| 
Apparent 
Fraction | | | 
mil. | meg | units/mg. 
900 | 27,000 1.0 
Dowex supernatant solution. ... 1000 25,000 | 2.0 
(NH,4)2SO, fraction, 0.55-0.70 
Calcium phosphate eluate (1). . 150 | 1,200 18.8 
50 800 6.2 
Calcium phosphate eluate (2)... 5 | 75 30.1 


Effects of Thiolase Contamination 


Acetoacety] thiolase catalyzes the reversible thiolytic cleavage 
of acetoacetyl-CoA to acetyl-CoA according to Reaction 2. 


(2) 


The equilibrium of this reaction is far toward formation of 
acetyl-CoA. We appreciated that the assay for HMG-CoA- 
condensing enzyme activity by acetoacetyl-CoA disappearance 
would probably be in error because some acetoacetyl-CoA would 
be cleaved by any thiolase present, since reduced CoA is gener- 
ated in Reaction 1. 

The effect of thiolase on the assay was studied by addition of 
purified thiolase to purified HMG-CoA-condensing enzyme in 
which thiolase had been inactivated. There was an apparent 
increase of condensing enzyme activity, as measured in the assay. 
At high concentrations of thiolase, however, the HMG-CoA- 
condensing enzyme was rate limiting as would be predicted in 


Acetoacetyl-CoA + CoASH = 2 acetyl-CoA 


4: 
Yo 
= 
2 
2 
21 O=ACETATE 
X = PHOSPHATE 
= 
@-TRIS 
5 6 7 8 9 10 
pH 


Fic. 2. pH optimum, HMG-CoA-condensing enzyme. Purified 
enzyme incubated at room temperature for 5 minutes at indicated 
pH with 0.3 umole of acetyl-1-C'-CoA and 0.15 umole of aceto- 
acetyl-CoA. Final volume of each sample 1.5 ml. Reactions 
stopped by making each mixture 2 N with KOH and heating at 
100° for 3 minutes. After 30 minutes at room temperature, car- 
rier HMG was added and HMG was reisolated and counted. 
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coupling Reactions | and 2, since Reaction 2 is dependent on the 
rate of reduced CoA liberation by Reaction 1. 

The foregoing shows that this type of coupling of thiolase with 
the H\MG-CoA-condensing enzyme actually increases the sensi- 
tivity of an optical assay which measures acetoacetyl-CoA disap- 
pearance. However, contamination with thiolase precluded 
study of the stoichiometry of Reaction 1, since reduced CoA set 
free by the condensation caused cleavage of acetoacetyl-CoA. 
Inhibition of thiolase by means of iodoacetamide has allowed 
determination of the stoichiometry of the condensing reaction (7), 

The purified HMG-CoA-condensing enzyme contained no de- 
tectable citrate-condensing enzyme or 8-hydroxybutyryl dehy- 
drogenase. Small amounts of aleohol dehydrogenase and malic 
dehydrogenase were detectable. Deacylases for acetyl-CoA and 
HMG-CoA were not present as determined by optical assay (21). 
Since HMG accumulated in amounts equivalent to the amount 
of substrate which disappeared (7), it was concluded that en- 
zymes converting HMG-CoA to other products were not present. 


Substrate Specificity 


Rudney (5) found that preparations from liver microsomes 
exhibit a requirement for thiol esters of CoA in the biosyn- 
thesis of HMG. The same has been found to be true in yeast 
preparations. Addition of potassium acetate to acetoacetyl-CoA 
in the optical assay resulted in no increase of acetoacetyl-CoA 
disappearance. The same conclusion was confirmed by isotope 
studies in which acetyl-1-C'-CoA was efficiently incorporated 
into HMG in the presence of acetoacetyl-CoA, but potassium 
acetate-1-C' was incorporated to a negligible degree. 

Acetyl and acetoacetyl thiol esters of both pantetheine and 
GSH were inactive in determinations by both the optical and 
isotopic methods. 


Inhibition of I1MG-CoA-Condensing Enzyme 


The condensing enzyme was completely inactivated by acidi- 
fication to pH 4.3 for 30 minutes. Heating of the purified 
enzyme to 55° for 4 minutes decreased specific activity about 60 
per cent. 

It has been noted previously that when the amount of aceto- 
acetyl-CoA is increased in the optical assay there is a progressive 
decrease in apparent specific activity of the HMG-CoA-con- 
densing enzyme. We have not vet established whether this is 
true substrate inhibition, or merely inhibition by a side product 
in the preparation of this substrate from ketene dimer. Syn- 
thetic HMG-CoA (3 X 107-4 M) was found to inhibit the rate of 
the condensation up to 70 per cent, but did not inhibit thiolase 
activity. Free reduced CoA inhibited the rate of the condensa- 
tion to a slight degree. 

The instability of the substrates, the detection of probable 
product inhibition, and the possibility of substrate inhibition, 
precluded kinetic studies with the enzyme. 


Optimal pH for HMG-CoA Condensation 


As indicated in Fig. 2, the enzyme was found to have a pH 
optimum of about 9. 


In this experiment no attempt was made | 


to measure enzyme activity at pH values higher than 9.5 owing © 


to the known instability of esters of CoA in alkaline solution. 


Under the conditions used in this experiment, the enzyme was | 


not saturated with substrate, and the rate of condensation was 
consequently dependent in part on substrate concentration. 
Thus the true enzyme activity at alkaline pH possibly could 
have been modified owing to hydrolysis of the reactants. 


May 1959 


SUMMARY 


An enzyme purified from yeast has been found to catalyze the 
condensation of acetyl coenzyme A (CoA) and acetoacetyl-CoA 
to yield 6-hydroxy-@-methylglutaryl-CoA. A convenient assay 
for this reaction is described and evaluated. The effects of 
contamination of the enzyme with acetoacetyl thiolase have 
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been studied, and a method for the elimination of thiolase is 
described. The enzyme was found to have maximum activity 
at about pH 9, and was inhibited by B-hydroxy-6-methylglutaryl- 
CoA, the product of the condensation. 


Acknowledgment—The authors wish to express their thanks to 
Dr. J. R.:Stern for the benefit of many fruitful discussions. 
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In the preceding paper the partial purification and properties 
of B-hydroxy-6-methylglutaryl coenzyme A-condensing enzyme 
from yeast have been described (1). The present paper deals 
with experiments on (a) the stoichiometry of the condensation 
reaction, (b) the identification of the product of the reaction 
(as B-hydroxy-6-methylglutaryl coenzyme A), and (c) the origin 
of the reduced coenzyme A released by the reaction. Our results 
provide evidence that the 6-hydroxy-6-methylglutaryl coenzyme 
A-condensing enzyme catalyzes the following reaction (Reaction 


1). 
O O O 


CH;—C—S—CoA! + CH;—C—CH,—C—S—CoA! ——> 
OH (1) 


| 
+ CoASHI! 


CH,—COOH 


Recent work by Lynen et al. (2) has confirmed these findings, 
which have been reported in preliminary communications (3, 4). 


EXPERIMENTAL 


Methods and Materials 


Unless otherwise indicated, all methods and materials were 
as described in the preceding paper (1). The HMG!-CoA-con- 
densing enzyme preparation used was the iodoacetamide-treated 
thiolase-inactivated preparation. Hydroxamate formation was 
determined by the method of Lipmann and Tuttle (5). Hydrox- 
amates were prepared and isolated for chromatography by the 


* This investigation was supported in part by grants from the 
Life Insurance Medical Research Fund, and the American Cancer 
Society. The C'4 used was obtained on allocation from the Atomic 
Energy Commission. 

+ Part of this work was carried out while this author was a 
Scholar in Cancer Research of the American Cancer Society, 1955- 
1957. 

t Part of this work was carried out during the tenure of a post- 
doctoral Research Fellowship of the National Institute of Arthritis 
and Metabolic Diseases, and part during tenure of a Cleveland 
Area Heart Society Research Fellowship. Present address, De- 
partments of Medicine and Biochemistry, University of Pennsyl- 
vania School of Medicine, Philadelphia, Pennsylvania. 

1The abbreviations used are: HMG, 8-hydroxy-8-methylglu- 
taric acid; Tris, tris(hydroxymethyl)aminomethane; EDTA, eth- 
ylenediaminetetraacetic acid. 


method of Hele et al. (6) and were separated with the butanol- 
acetic acid solvent of Thompson (7). 

The following modification of the method of Rudney (8) was 
used to isolate and count HMG. The incubation mixture (1.5 
to 3.0 ml.) was heated for 2 minutes at 100° to inactivate the 
enzymes, cooled, and made alkaline with 0.5 ml. of 6 n KOH. 
HMG, 0.1 mmole, was added as carrier and the solution was 
allowed to stand for 3 hour at room temperature. Acetic acid, 
1 n, 1 ml., sufficient 6 N H.SO, to reprecipitate the protein, 
plus 50 mg. of charcoal were added, and the suspension filtered. 
The filtrate was placed on a Dowex 1-formate (X 10) column 
and eluted with 0.1 N formic acid. This method considerably 
shortens the time required for determination of HMG since the 
ether extraction and steam distillation steps have been eliminated 
and it can be used with purified preparations of the enzymes. 

Unless otherwise indicated, the concentrations of the acety]- 
CoA and acetoacetyl-CoA solutions used were determined by 
the disappearance of sulfhydryl when the acyl-CoA compounds 
were prepared. Subsequent enzymatic assay methods as de- 
scribed in the preceding paper (1) indicated that 50 to 60 per 
cent of the SH groups acylated could be accounted for by acetyl- 
CoA and acetoacetyl-CoA. As might be expected, analysis of 
thiol ester content based on hydroxamate determinations gave 
considerably higher values than those obtained by enzymatic 
assay. The problems involved in obtaining pure preparations 
of acyl-CoA derivatives and their determination are fully dis- 
cussed by Strong (9). The measurement of acetoacetyl-CoA 
disappearance by optical assay is based on the extinction coefh- 
cients for the enolate and chelate forms as determined by Stern 
(10). 

RESULTS AND DISCUSSION 

Stoichiometry of Condensation—When acetyl-1-C'-CoA and 
acetoacetyl-CoA were incubated with a thiolase-free condensing 
enzyme preparation it was found that for each mole of aceto- 
acetyl-CoA which disappeared (optical assay) an equivalent 
amount of acetyl group from acetyl-1-C4-CoA was incorporated 
into HMG as determined by the radioactivity of HMIG. This 
is shown by the results listed in Table I. 

During the course of the reaction it was found that for each 
equivalent of acetoacetyl-CoA disappearing one equivalent of 
free thiol appeared. These results are shown in Table II. In 
these experiments conditions were arranged so that acetyl-CoA 
was always in excess relative to acetoacetyl-CoA. This finding 
eliminated the possibility that a di-CoA derivative of HMIG was 
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TABLE 

Incorporation of isotope from acetyl-1-C'4-CoA into HMG-CoA 

The reactions were carried out in quartz cuvettes, 1.0 cm. 
light path, containing 15 mg. of bovine albumin; 400 umoles of 
Tris-HCl buffer, pH 8.1; 2.4 mg. of enzyme protein; 0.4 umole of 
acetoacetyl-CoA, and 1.0 umole of acetyl-1-C'!4-CoA with a specific 
activity of 975,000 c.p.m. per umole of acetyl. Volume 3.0 ml. 
The incubation period was 20 minutes at room temperature. A 
negative sign indicates disappearance of substrate. — 


Acetyl group 
transferred from 


Total radioactivity 
G | acetyl-1-C4-CoA 


A Acetoacetyl-CoA found in 


Experiment No. 


pmoles c.p.m. pumoles 
1 —0.18 | 180,000 0.185 
2 —0.19 170,000 0.175 
3 —0.15 154,000 0.158 
4 —0.22 | 240,000 0.245 


—— ——-— 


the end product of the reaction. Further corroboration of this 
point was afforded by studies on hydroxamic acid formation. 
Acetoacetyl-CoA does not form a hydroxamate which reacts 
with FeCl; to a significant extent. If the product of the con- 
densation were a di-CoA ester, an increase in hydroxamate values 
would be expected because the acetoacetyl-CoA thiol ester bond 
would be converted to a thiol ester bond of the type which reacts 
with hydroxylamine and FeC]; to givea full yield of ferric hydrox- 
amate. During the condensation there was no apparent change 
in the concentration of thiol esters as evidenced by the fact that 
total hydroxamic assays showed no net change when acetyl-CoA 
alone and acetyl-CoA plus acetoacetyl-CoA were incubated 
with the condensing enzyme. These results are shown in Table 
III. Under the conditions employed here acetoacetyl-CoA gave 
5 to 10 per cent of the color of equivalent amounts of acetyl-CoA. 
Failure to detect an increase in concentration of thiol ester bonds 
on the basis of hydroxamic acid assays supports the conclusion 
that the product of the condensation is a mono-CoA ester. 

Finally, additional evidence for this conclusion was afforded 
by the observation that for each mole of acetoacetyl-CoA utilized 
as determined optically at 310 mu, 1 mole of thiol ester bond 
disappeared concurrently as measured by the decrease in absorp- 
tion at 232 mu. The foregoing results do not rule out the pos- 
sibility that a di-CoA ester may be an intermediate in the con- 
densation reaction and that hydrolysis may occur subsequent to 
its formation. 

The results of the foregoing experiments show that (a) one 
acetyl group from acetyl-CoA was incorporated into HMG for 
each acetoacetyl-CoA utilized, (b) one thiol equivalent was set 
free for each mole of acetoacetyl-CoA utilized, and (c) no di-CoA 
ester appeared to be formed. Therefore, the stoichiometry of 
the condensation of acetyl-CoA and acetoacetyl-CoA is that 
formulated in Reaction 1. 

Identification of Products—The product of the condensation 
reaction was identified as HMG-CoA in the following manner. 
Acetoacetyl-CoA and excess acetyl-1-C'-CoA were incubated 
with the condensing enzyme preparation and then treated with 
hydroxylamine to form hydroxamic acids. Only two spots were 
observed after development with FeCl3, and both contained 
radioactivity. One spot, with an Re of 0.52, corresponded to 
authentic acethydroxamic acid, while the second, with an Rp 
of 0.31, corresponded to authentic HMG monohydroxamate. 
Similar results were obtained when carrier amounts of the respec- 
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TaBLeE II 


Equivalence of thiol appearance and acetoacetyl-CoA 
disappearance in condensation reaction 


Positive values indicate formation, negative values indicate 
disappearance. These values are corrected for deacylation of 
acetyl-CoA and acetoacetyl-CoA and for autoxidation of thiol 
groups. The magnitude of the correction amounted to about 25 
per cent of the total SH values. The reactions were carried out 
at room temperature in quartz cuvettes (1.0 em. light path) which 
contained 7.5 mg. of bovine albumin, 200 umoles of Tris-HCl] buf- 
fer pH 7.8, 1 umole of acetyl-CoA, and 0.5 umole of acetoacetyl- 
CoA. Enzyme protein concentration varied from 0.1 to 0.3 mg. 
of thiolase-free enzyme. Volume 1.5 ml. Experiments 2 and 3 
contained double the foregoing quantities in a volume of 3.0 ml. 
Kixperiment 2 contained 1.8 mg. of enzyme protein. Experiments 
1 through 5 contained no Mgtt. Experiment 6 contained 200 
umoles (pH 8.1) phosphate buffer instead of Tris. In Experi- 
ments 7 and 8 the final concentration of MgCl. was 107? om. 


Experiment No. A Acetoacetyl-CoA SH 
moles pmoles 
1 —0.10 +0.11 
2 —0.54 +0.57 
3 —0.67 +0.69 
4 —0.25 +0.27 
5 —0O.11 +0.14 
6 —0.16 +0.17 
7 —0.10 +0.13 
8 —0.16 +0.17 
TaBLeE III 


Hydroxamic acid formation before and after condensation 
of acetyl-CoA and acetoacetyl-CoA 
Conditions with regard to substrates and buffers were the same 
as outlined for Experiment 1, Table II. The final volume for 
Experiments 1 and 2 was 1.5 ml. whereas for Experiment 3 it was 


3.0 ml. The figures represent uwmoles of hydroxamic acid based 
on acetohydroxamate as standard. 
: With acetyl-CoA + aceto- 
With acetyl-CoA + con- 
Experiment No. densing enzyme 
1 0.29 0.30 
2 0.81 0.97 
3 2.43 2.24 


tive hydroxamic acids were added to the incubation mixture 
and the compounds were isolated. 

Further evidence that the product of the condensation was 
HMG-CoA was obtained by isolation of the CoA ester with the 
use of charcoal absorption and paper chromatography. The 
ester from the reaction mixture had the same Rr as HMG mono- 
CoA prepared from HMG anhydride and reduced CoA and on 
alkaline hydrolysis, gave HMG as a product. 

The separation and identification were carried out in the 
following manner. 1-C'-HMG-CoA was generated enzymat- 
ically from acetyl-1-C'-CoA and acetoacetyl-CoA. In these 
preparations, the amounts of reactants and volumes were in- 
creased over the usual assay conditions by 20 to 40 times, and 
an excess of acetoacetyl-CoA was employed. Tris buffer, pH 
8.9, rather than 8.1 was used. When condensation was complete, 
the reaction was stopped by adding ;'5 volume of | N acetic acid 
and by heating at 100° for 2 minutes. Coagulated protein was 
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removed by centrifugation. The supernatant solution, after 
acidification to pH 1 with 1 n HCl, was passed through a small 
column of HCl-treated degassed Nuchar-C (11). The effluent 
solution had no significant absorption at 260 my and the column 
was washed with 10 to 20 volumes of cold water with no loss 
of 260 my absorbing material. Reduced CoA and its esters were 
then eluted with cold ammoniacal 50 per cent ethanol (2 ml. of 
concentrated NH,OH per liter). The effluent was collected 
until the 260 my absorption was less than 0.04 (usually 100 to 
150 ml.). The effluent was acidified to pH 5 with 1 N acetic 
acid and partially evaporated in a flash evaporator, then lyophi- 
lized to dryness. The resulting powder was dissolved in a mini- 
mal amount of H.O and evaporated under N» to 0.1 ml. 

This material was chromatographed for 16 hours on Whatman 
No. 3 paper in a descending system with 3 volumes of ammonium 
acetate (1 mM adjusted to pH 4.7 with glacial acetic acid) and 7 
volumes of absolute ethanol. The position of the CoA esters 
could be located on the dried paper by their ultraviolet absorp- 
tion. 

In this system, acetyl-CoA was found to have an Rp of 0.26, 
and HMG-CoA an R, of 0.16. <A strip containing the reaction 
mixture was then counted in a strip counter and peak radio- 
activity was found to coincide with a band of ultraviolet- 
quenching material and had the same Ry as authentic HMG- 
CoA. This band was eluted from the paper with a few drops 
of H.O. If separation from acetyl-1-C'-CoA was not adequate, 
this eluate was rechromatographed in the same system. This 
method of separation provided HMG-CoA preparations which 
were 55 to 85 per cent pure as calculated by the amount of HMG 
released by alkaline hydrolysis (see below). 

To identify this material further, the following procedures 
were employed. (a) An aliquot was hydrolyzed for 2 hours in 
2n KOH. Carrier HMG was added and reisolated from Dowex 
1-formate by the method previously described, or from acid- 
Celite by gradient elution (butanol-chloroform); perfect coinci- 
dence of radioactivity and titration was observed. (b) Neutral- 
ized 2 N hydroxylamine was added to an aliquot of HMG-CoA 
and the resulting hydroxamate was chromatographed in butanol- 
H.O. It migrated with the same Rp as authentic HMG hydrox- 
amate, well separated from acetyl hydroxamate. Radioactive 
areas and spots obtained by development with FeCl; coincided 
exactly. (c) An aliquot to which carrier HMG-CoA was added 
was cleaved by HMG-CoA cleavage enzyme (11), and isotope 
was found in the acetoacetic acid formed. 

Source of Thiol Ester Bond Hydrolyzed—In view of the fact 
that 1 mole of reduced CoA was released by hydrolysis during 
the condensation it became of interest to determine whether 
the thiol ester bond of acetoacetyl-CoA or acetyl-CoA was the 
one hydrolyzed. This question could be answered by degrading 
labeled HMG-CoA, formed from acetyl-1-C'-CoA and unlabeled 
acetoacetyl-CoA, with the cleavage enzyme of Bachhawat et al. 
(11). This enzyme catalyzes Reaction 2. : 


OH O 


| | 
— CH;—C—CH.COOH + 
CO—S—CoA (2) 
HMG-CoA acetoacetic acid 
O 


CH, 


CH;—C—S—CoA 
acetyl-CoA 


Biosynthesis of B-Hydroxy-B-methylglutaryl-CoA in Yeast. 


A finding of isotope in the carboxyl group of free acetoacetic 
acid and none in acetyl-CoA would indicate that the thiol ester 
bond of acetyl-CoA was hydrolyzed and that of the acetoacety]- 
CoA remained intact in the HMG-CoA. Conversely, the pres- 
ence of radioactivity in acetyl-CoA but none in acetoacetic 
acid would mean that the thiol ester bond of acetyl-CoA was 
retained, but that of acetoacetyl-CoA was hydrolyzed. 

A sample of the HMG-CoA cleavage enzyme provided by Dr. 
Coon? was used and a typical experiment was carried out as 
follows. C'*-labeled HMG-CoA (0.18 umole containing 180,000 
c.p.m.) was generated via the condensing enzyme from acetyl-1- 
C'-CoA and acetoacetyl-CoA. Carrier HMG-CoA was added 
to the reaction mixture (11.0 uwmoles racemic form) and a sample 
of the cleavage enzyme was added. MgCle and cysteine were 
also added as cofactors as described by Bachhawat et al. (11). 
The mixture was incubated in a large Warburg flask with a center 
well which contained KOH for trapping the CO» that was to be 
liberated from the carboxyl of the acetoacetic acid. Incuba- 
tion time was 3 hours at 37°. Aliquots were removed from the 
flask at zero time, and at the end of the incubation period for 
the determination of radioactivity in the HMG-CoA, and for 
measurement of the amount of acetoacetic acid (12); 1.1 wmoles 
of acetoacetic acid were formed. At the completion of the incu- 
bation, 0.5 mmole of acetoacetic acid was added and then aniline 
citrate to decarboxylate the acetoacetic acid. Finally, 2,4- 
dinitrophenylhydrazine was added. The conditions and con- 
centrations of the aniline citrate and 2,4-dinitrophenylhydrazine 
were as described in the assay for acetoacetate (12). Radio- 
activity was determined in the collected CO2 as BaCQ;, whereas 
suitable aliquots of acetone 2,4-dinitrophenylhydrazone were 
dried in planchets and counted. The total radioactivity in the 
collected CO. was 25,500 c.p.m., and was 73 per cent of the 
amount which would have been expected on the basis of the 
analysis of acetoacetic acid formed by the cleavage enzyme. 
No radioactivity could be detected in the acetone portion of the 
acetoacetate. These results show that the acetoacetic acid 
produced as a result of cleavage-enzyme activity contained radio- 
activity solely in the carboxyl group. In another experiment, 
purified C'-labeled HMG-CoA was isolated and was the only 
substrate for the cleavage enzyme. Similar results were ob- 
tained in that isotope was found only in the carboxy] group of 
acetoacetic acid. In addition, acetyl-CoA, the second product 
of the cleavage reaction, was hydrolyzed, carrier acetate was 
added, and the acetic acid was isolated and purified on a Celite 
column (13). No radioactivity was found in the acetate. 

The foregoing results showing that isotope was present only 
in the carboxyl group of acetoacetic acid and not in the acetyl- 
CoA portion, provide conclusive proof that the thiol ester bond 
which was hydrolyzed during the condensation arose from 
acetyl-CoA. 

Reversibility of Condensation Reaction—The condensation 
reaction does not appear to be readily reversible. When 0.2 
umole of HMG-CoA was incubated with the condensing enzyme, 
citrate-condensing enzyme (14), malic dehydrogenase, malate, 
DPN, and 0.5 umole of reduced CoA, as in the usual assay for 
acetyl-CoA, no evidence of reduction of DPN could be found. 
In another experiment we could not detect any oxidation of 
DPNH when crystalline B-hydroxybutyryl dehydrogenase (15) 
was added to a system containing HMG-CoA, HMG-CoA-con- 
densing enzyme, reduced CoA, and DPNH. In fact the reverse 


2 We are grateful to Dr. M. J. Coon for a gift of an HMG-CoA 
cleavage enzyme preparation. 
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was found to occur, 7.e. in the presence of condensing enzyme, 
acetyl-CoA, $-hydroxybutyryl-CoA, DPN, and £-hydroxy- 
butyryl dehydrogenase there was reduction of DPN and forma- 
tion of HMG-CoA. This is shown in Fig. 1. It can be seen 
that starting with acetoacetyl-CoA the addition of DPNH and 
B-hydroxybutyryl dehydrogenase leads to the oxidation of 
DPNH. The addition of HMG-CoA-condensing enzyme has 
no effect, but the subsequent addition of acetyl-CoA which 
initiates the condensation reaction results in the reduction of 
DPN. These reactions could be utilized for assaying the activity 
of the condensing enzyme. 


DISCUSSION 


The enzyme resembles closely the citrate-condensing enzyme 
in that acetyl-CoA condenses across the carbonyl group of the 
acceptor molecule and a net hydrolysis of acetyl-CoA occurs. 
We therefore propose that this enzyme be called the HMG-CoA- 
condensing enzyme, as a trivial name, and as acetoacetyl-CoA- 
transacetase as a systematic name in keeping with the nomencla- 
ture proposed by Dixon and Webb (16). 

As shown, the condensation reaction does not appear to be 
readily reversible. This might be expected on the basis of the 
fact that the AF (pH 7.0) of the hydrolysis of the thiol ester 
bond of acetyl-CoA is equivalent to —8,200 calories (17). There 
would be an additional free energy loss expected owing to the 
conversion of the thiol ester bond of acetoacetyl-CoA, with a 
AF (pH 7.0) of —11,670 calories, to a thiol-ester bond with a 
free energy comparable to that of succinyl-CoA (20). This 
additional decrease could be +3,470 calories from equilibrium 
data of Stern et al. (18). Thus the total free energy change in 
the HMG-CoA condensation reaction could be approximately 
—11,670 calories and therefore the equilibrium would be greatly 
in favor of HMG-CoA formation. It is still uncertain whether 
there exists an enzyme capable of converting HMG to HMG- 
CoA. Bloch et al. (29) have shown that HMG can be used by 
intact animals for cholesterol synthesis. Dituri et al. (19), how- 
ever, found that HMG contained a contaminant that could 
account for the incorporation of HMG into cholesterol observed 
in their previous experiments. 

At the present time there are two ways known by which HMG- 
CoA can be formed. The first is via the condensation reaction 
outlined above, and the second is the CO, fixation reaction 
studied by Bachhawat et al. (20) and Lynen (21). The cleavage 
enzyme reaction has been reported to be relatively nonreversible 
(11). It should be apparent that the HMG-CoA-condensing 
enzyme and the cleavage enzyme working together would lead 
to a net hydrolysis of acetoacetyl-CoA to acetoacetic acid and 
reduced CoA with regeneration of the acetyl-CoA. This two- 
step conversion has actually been found by Lynen et al. (2) to 
play a role in the generation of acetoacetic acid. In addition 
this mechanism may also be invoked to explain the well known 
inequality in labeling observed between the carboxyl and ecar- 
bony] positions of acetoacetic acid. 

In view of the similarity of structure between HMG-CoA and 
mevalonic acid (22), a compound efficiently converted to cho- 
lesterol, it might be expected that HMG-CoA could be reduced 
to mevalonic acid. We have observed that this reduction readily 
occurs (23, 24) with TPNH as the reducing agent. The details 
of this reaction will be the subject of a future communication. 
These results point to the HMG-CoA condensation as a key 
reaction in the biosynthesis of isoprenoid units since this reaction 
represents the focal point at which acetyl-CoA and acetoacetyl- 
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20 30 
MINUTES 

Fig. 1. DPNH formation form 8-hydroxybutyryl-CoA and the 
HMG-CoA-condensing enzyme. Reaction was run in quartz cells, 
d = 1.0 em. Reaction mixture consisted of 200 umoles of Tris- 
HCl buffer pH 8.1, 7 mg. of bovine albumin protein, and 0.6 umole 
of acetoacetyl-CoA. At Point 1, 0.3 umole of DPNH was added; 
at Point 2, 0.005 mg. of B-hydroxybutyryl dehydrogenase; at 
Point 3, 0.9 mg. of HMG-CoA-condensing enzyme; and at Point 
4, 1.0 umole of acetyl-CoA. 
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CoA, two intermediates common to lipide metabolism, can 
condense to form the basie branched chain structure which is 
subsequently reduced to precursors involved in terpene and sterol 
biosynthesis. It would be reasonable to expect that some contro] 
of cholesterol biosynthesis could be exerted at this step, either 
by variation of the activity of the cleavage and condensing 
enzymes, or of the HMG-CoA-deacylating enzyme (25). A 
further control could be exerted by the availability of pyridine 
nucleotides required for the reduction of HMG-CoA. The level 
of acetoacetyl-CoA could also play an important role particularly 
with regard to its conversion to 8-hydroxybutyryl-CoA and 
butyryl-CoA. It had been observed that acetate carbon could 
be shifted to B-hydroxybutyrate rather than HMG by the addi- 
tion of a liver supernatant fraction to an HMG-CoA-condensing 
enzyme preparation from liver microsomes (8). This result is 
further corroborated by the work of Porter and Tietz (26) who 
showed that the incorporation of acetyl-CoA into HMG by a 
pigeon liver fraction was suppressed by the addition of DPNH 
and was directed to 6-hydroxybutyrate synthesis. These ob- 
servations may explain the results of Siperstein and Fagan (27, 
28) who observed that addition of DPN to liver preparations 
depressed incorporation of acetate into sterols. 


SUMMARY 


A study was made of the stoichiometry of the condensation 
reaction catalyzed by the 6-hydroxy-8-methylglutaryl coenzyme 
A (CoA)-condensing enzyme (acetoacetyl-CoA-transacetase), 
and the products of the reaction were isolated and identified. 
It was found that 1 mole of acetvl-CoA reacted with 1 mole of 
acetoacetvl-CoA, and 1 mole of H.O to form 6-hydroxy-§- 
methylglutarvl-CoA and reduced CoA. The thiol ester bond 
which was hydrolyzed by the over-all reaction arose from acety]- 
CoA. The reaction was shown to be relatively irreversible, in 
favor of B-hydroxy-8-methylglutarvl-CoA formation. The role 
of the enzyme in isoprenoid biosynthesis is discussed. 


Acknowledgment—The authors wish to express their apprecia- 
tion to Dr. J. R. Stern for gifts of enzyme preparations and the 
benefit of many fruitful discussions. 
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Tomato Carotenoids** 
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Mevalonic (3,5-dihydroxy-3-methylvaleric) acid, first recog- 
nized as a precursor of cholesterol by Tavormina eé al. (1) and 
Tavormina and Gibbs (2), also serves as an effective precursor of 
the acyclic isoprenoids squalene (3-5) and rubber (6). In both 
of these cases, 2-C'4-labeled mevalonic acid is incorporated into 
the isoprenoids without randomization of the labels. The pres- 
ent work concerns the role of mevalonic acid in the biogenesis of 
another class of isoprenoids, the carotenoids. 

Braithwaite and Goodwin (7) have concluded that mevalonic 
acid is not effectively incorporated into B-carotene by Phycomyces 
blakesleanus. This may be in part due to impermeability of the 
fungus to the metabolite. It will be shown below that mevalonic 
acid is rapidly incorporated into the carotenes of tomato fruits 
as well as into colorless materials which may be intermediates in 
carotene synthesis. 


XPERIMENTAL 


Materials and Methods 


Injection of Substrates—Tomato fruits were selected for use at 
the light pink to pink stage since carotene synthesis is most rapid 
at this period. The selected detached fruits were supplied with 
labeled substrate by one of two methods. In some experiments 
material was injected into the fruit with a hollow needle and 
syringe. In others the material to be injected (0.5 to 1 ml.) was 
placed in the stem scar of the fruit, and the fruit placed in a suit- 
able container which was then slowly evacuated. When the 
vacuum was slowly relieved the liquid was sucked up into the 
tomatoes. Comparison of the two methods indicated no differ- 
ences in the distribution of radioactivity. 

Extraction—The tomatoes to be extracted were blended with 
an equal weight of methanol and a small amount of Hyflo Super- 
Cel.!. The slurry was filtered to dryness with vacuum in a Buch- 


* Work conducted in the William G. Kerckhoff Laboratories of 
the Biological Sciences, California Institute of Technology under 
a Memorandum of Understanding between the California Insti- 
tute of Technology and the United States Department of Agricul- 
ture. 

+ Presented in part at the Annual Meeting of the American 
Institute of Biological Sciences, Bloomington, Indiana, August 
24-28, 1958. 

t One of the laboratories of the Southern Utilization Research 
and Development Division, Agricultural Research Service, United 
States Department of Agriculture. 

1 Mention of trade products and brands does not imply that 
they are endorsed or recommended by the United States Depart- 
ment of Agriculture or the California Institute of Technology over 
similar products and brands not mentioned. 


ner funnel. The dried mat was extracted twice by blending with 
acetone-hexane (50:50) and filtering. The extracts were com- 
bined in a separatory funnel. After two layers had formed, the 
hypophase was drawn off. The epiphase was washed free from 
acetone with water and saponified by shaking with about } vol- 
ume of saturated KOH in methanol. After several minutes the 
hypophase was drawn off and the epiphase washed free from al- 
kali with water. The epiphase was dried by filtering through 
sodium sulfate. This constituted the nonsaponifiable extract. 
The xanthophylls were removed by passing the nonsaponifiable 
extract through a silica gel-methanol column (8). The hexane 
eluate containing the carotene was washed once with water, dried 
by filtering through sodium sulfate, and concentrated under vac- 
uum to about 25 ml./100 gm. of tomato. 

Determination of Radioactivity—Samples were plated on alumi- 
num planchets and dried. They were then counted under a 
micromil window tube in an atmosphere of Q gas. 

Chromatography—The carotenes were chromatographed on 1.8 
< 25-cm. columns of magnesium oxide (Fisher Sea Sorb) and 
Hyflo Super-Cel (1:1, weight for weight). After the carotene 
fraction had been placed on the columns, the columns were de- 
veloped with hexane, and observed under ultraviolet light. 
When the phytofluene band had progressed about halfway down 
the column, 2 per cent acetone in hexane was added until phyto- 
fluene had nearly reached the bottom of the column. The eluate 
collected before phytofluene is termed the crude phytoene frac- 
tion. Further fractions were eluted by increasing concentrations 
of acetone up to 10 per cent, followed by addition of increasing 
concentrations of methanol up to 2 per cent for the elution of 
lycopene. 

Purvfication of Crude Phytoene—The crude phytoene fraction 
was evaporated to dryness under vacuum and low temperature 
and taken up in 5 to 10 ml. of optical hexane. The solution was 
placed on a column (1.2 30 em.) of alumina activated at 350° 
for 3 hours. The column was washed with 2 column volumes of 
optical hexane before introduction of the sample. After intro- 
duction of the sample the column was developed with 75 ml. of 
optical hexane, 50 ml. of 0.5 per cent ethyl ether in hexane, 100 
ml. of 1 per cent ethy] ether in hexane, 100 ml. of 2 per cent ethyl 
ether in hexane, 100 ml. of 4 per cent ethyl ether in hexane, and 
75 ml. of 10 per cent methanol in ethyl ether. The eluate was 
collected in 5-ml. fractions with the aid of a fraction collector. 

The optical absorbance of each fraction was determined at 208, 
230, and 286 my with a Beckman model DU spectrophotometer. 
Elution diagrams were plotted and the contents of all tubes rep- 
resenting a single fraction combined. 
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Preparation of Labeled Substrate—2-C'-mevalonie acid was re- 
ceived from Isotope Specialties Company as the NV ,N’-dibenzy]- 
ethylenediamine salt. A weighed amount of the salt was dis- 
solved in a minimal amount of water. The pH was adjusted to 
10 with 1 n NaOH. The dibenzylethylenediamine was removed 
by two extractions with equal volumes of ethyl ether. The ether 
extracts were combined and extracted with 0.5 volume of NaOH 
solution (pH 10), which was added to the original solution. The 
final volume was adjusted with water to give about 5 x« 10° 
c.p.m. per ml, The 1-C'-acetate was received as the sodium 
salt. The salt was dissolved in water and the volume adjusted 
to give about 8 X 10° ¢.p.m. per ml. 

Preparation of Optical Hexane—Phillips commercial hexane was 
found to give complete extinction from 200 to 270 mu. Such 
hexane can, however, be purified on a column of silica gel (9). 
Commercial hexane was run through a 5- & 50-cm. column of 
silica gel. The absorbance of each 50-ml. fraction of the eluate 
was determined at 210 and 250 my. That portion having ab- 
sorbance of 0 at 250 and less than 1.0 at 210 my was collected as 


TaBLeE I 
Carotene and related materials in excised tomato fruits 
Amounts and specific activities of carotenes and related ma- 
terials in excised tomato fruits after 24 hours of incubation with 
2-C'4-labeled mevalonic acid, approximately 1 10° ¢.p.m. per 
fruit; recovered in carotene fraction, 18 per cent. Average of 
five fruits. 


2-C'4-Mevalonic acid 


Substance 

Amount per Total Specific 

fruit | activity | activity 
me. | c.p.m. | c.p.m./mg. 

| 42.4 11,800 | 280 
| 0.41 29 , S00 72,800 
0.92 | 670 725 
Crude 0.29 21,600 74,400 
1.00 | $32,480 32,480 
| 5.66 1,480 


8,450 


Tasie II 
Amounts and specific activities of carotenes and related materials 


Amounts and specific activities of carotenes and related ma- 
terials after 24 hours of incubation with 1-C!!-labeled acetate, 
1.6 X 10° e.p.m. per fruit. Reeovered in carotene fraction, 2 per 


cent. 
1-Cl4-Acetate 
Substance 
Total activity | Specific activity 
c.p.m | c.p.m./meg. 
Crude phytoene............. 27 ,000 23,000 
Praction fa + D.........-.. 3,300 133 
Praction fia + b........... 680 212 
Crude phytofluene............ 470 | 1,740 
| 398 | 182 
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optical hexane. Those fractions that had an optical density less 
than 1.0 at 250 my were collected and placed first on the next 
column. The yield, per liter was 250 to 500 ml. of optical hex- 
ane, depending upon the silica. The used columns were sucked 
dry and the silica gel removed and warmed for several hours. 
Once the silica gel was thoroughly dried, it was placed in a muffle 
furnace at 500 to 600° and regenerated by heating for 4 to 6 hours. 


RESULTS 


The label of 2-C'-mevalonic acid as well as that of 1-C'*-ace- 
tate is incorporated into carotenes by excised tomato fruit. Thus 
from 6 to 28 per cent of the label of mevalonic acid appeared in 
the whole carotene fraction in the course of a 24-hour incubation 
period at 25° (Table I), the variation being due apparently to 
differences in the individual fruits used. Incorporation of the 
biologically active isomer of the racemic mevalonic acid used was 
therefore 12 to 56 per cent. Incorporation of the label of 1-C™- 
acetate into carotenes is only 1 to 2 per cent in the same period 
(Table II), or some 10 to 50 times less than mevalonic acid. 
Zabin (10) has reported that 2-C'-acetate carbon is incorporated 
about 5 times more efficiently than the carboxy] labeled material. 

It is apparent in Tables I, II, and III that of the major caro- 
tenes, lycopene is present in the greatest amount and possesses 
the lowest specific activity after incubation of the fruit with 
2-C'-mevalonate. That the activity of lycopene is actually due 
to lycopene and not to a contaminant is indicated by the fact that 
its specific activity was not decreased by rechromatography or by 
recrystallization. On a few occasions, however, the specific ac- 
tivity of the lycopene appeared to increase slightly on recrystalli- 
zation. This may be due to the fact that the amount of pigment 
was estimated by spectral measurements. Specific absorption of 
lycopene is known to decrease somewhat due to isomerization 
during purification. 

B-Carotene, the second most abundant polyene of the fruit, 
was purified by repeated rechromatography. A colorless fluores- 
cent zone of high specific radioactivity preceded B-carotene on 
the magnesia column. If care were taken to separate this zone 
from $-carotene the specific activity of the latter was not de- 
creased by rechromatography on magnesium oxide or calcium 
hydroxide. It has been reported, however, that in tracer work, 
B-carotene is often contaminated with a radioactive substance 
which can be removed only by crystallization (11). The specific 
activities of ¢- and y-carotenes were not decreased by rechroma- 
tography on magnesium oxide or on calcium hydroxide columns 
if the material on the initial column had previously separated as 
a homogenous band. 

Phytofluene was purified by rechromatography on alumina 
(not activitated). Although recovery was exceedingly low, it 
would appear that the specific activity of the phytofluene fraction 
is reduced by this treatment. 

The major portion of the radioactivity of mevalonate incor- 
porated by excised tomato fruit was in all experiments found to 
reside in the crude phytoene fraction. The spectrum of the 
crude phytoene fraction as obtained from magnesia columns in- 
dicated that the material was grossly contaminated. It was 
not appreciably purified by rechromatography on ignited mag- 
nesia. Rechromatography on alumina, however, yielded phy- 
toene with an absorption spectrum matching that obtained by 
Rabourn and Quackenbush (12). The so purified phytoene is 
essentially free of radioactivity (Tables I and III) although the 
original crude phytoene fraction is highly radioactive. From the 
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TABLE III 
Effect of temperature on distribution of 2-C'4-mevalonic acid in tomato carotenes* 
Temperature of Incubation 
Fraction 10° 25° 35° 
Amount Total Specific Amount Total Specific Amount Total Specific 
per fruit activity activity per fruit activity activity per fruit activity activity 
meg. c.p.m. c.p.m./meg. mg. c.p.m. c.p.m./mg. meg. c.p.m. c.p.m./meg. 
Crude phytoene. 111,000 88 ,000 101 ,000 69 , 500 87,000 74,000 
Fraction Ia... 53.2 319 6 51.5 360 7 39 78 2 
Fraction Ib... 20.0 80 4 13.0 13 1 10 190 19 
Fraction Ila.. 0.36 80 ,000 220 , 000 0.025 1,900 76,000 0.20 2,210 11,000 
Fraction IIb.. 0.28 1,620 5,800 0.2 254 1,270 0.18 95 525 
Phytoene..... 0.39 302 780 0.85 356 420 0.53 63 118 
Phytofluene..... 0.24 2,430 10,000 0.39 16,000 59 , 000 0.36 48 ,000 133 ,000 
8-Carotene...... 0.10 20 , 450 200 , 000 0.99 13,800 14,000 1.41 16,940 12,000 
¢-Carotene...... 0.056 6,400 114,000 0.07 3,820 54 , 500 0.075 1,550 20 , 600 
+-Carotene...... 0.17 450 2,640 0.21 700 3,300 0.37 625 1,680 
Lycopene....... 4.39 580 132 5.27 880 167 3.24 645 199 


* Kach fruit incubated with 1.06 X 10° ¢.p.m. of mevalonate for 24 hours. 


alumina column, however, four fractions were obtained which 
immediately preceded phytoene. These are designated Frac- 
tions Ia and Ib and Fractions IIa and IIb. Fractions Ia and Ib 
each exhibit a single absorption maximum at 208 my. Fraction 
Ila possesses an absorption maximum at 208 my and a second 
lower maximum at 231 my with a minimum at 219 my. Frac- 
tion IIb exhibits one maximum at 208 my, a minimum at 219 
my, and a second higher maximum at 231 my. Phytol, found 
to be somewhat radioactive, was eluted from the alumina col- 
umn after phytoene. 

In tomatoes incubated with labeled mevalonic acid for 24 
hours, Fraction Ila contains most of the activity of the crude 
phytoene fractions (Table 1). Fraction IIb contains less activ- 
ity; Fractions Ia and Ib practically none. In tomatoes incu- 
bated with 1-C'-labeled acetate for 24 hours, Fractions Ila and 
IIb contain little activity; combined Fractions Ia and Ib an ap- 
preciable amount (Table II). 

Fractions IIa and IIb, which are rapidly and extensively la- 
beled by mevalonate, appear of interest as possible carotene pre- 
cursors. Thus the specific activity of Fraction Ila in 2-C™- 
mevalonate incubated fruit is greater than that of any of the 
carotenes themselves, consistent with a precursor-product rela- 
tion. Inthe second place, combined Fractions Ifa and IIb, ini- 
tially present in the fruit in relatively large amounts, decreases 
in amount during ripening and pigment formation. Thus in 
tomatoes injected with 2-C'-mevalonate and then allowed to 
ripen completely (170 hours) only 0.18 mg. of Fraction Ila was 
recovered per fruit and the total activity in Fraction Ila had 
decreased from about 30,000 ¢.p.m. found after 24 hours of 
incubation to 6,000 ¢.p.m. 

A further suggestion that combined Fractions Ila and IIb 
may be related to carotene synthesis is contained in the results of 
the experiment of Table III, which concerns pigment formation 
as influenced by temperature. Tomato fruit ripen and form pig- 
ment normally at 20-25°. At 35°, however, lycopene formation 
is decreased and the fruit ripens to a yellow-orange color as the 
result of formation of other carotenes. At 10° coloration of 
tomato fruit is almost completely suppressed. The fruit can, 


however, withstand long periods at 10° and still color normally 
if returned to 20° (13). 

Three tomatoes were supplied with mevalonic acid and then 
incubated for 24 hours, one at 35°, one at 25°, and one at 10°. 
The total amount of activity incorporated into the crude caro- 
tene fraction was approximately the same at all three tempera- 
tures (Table III). In the fruit at 10°, however, most of the ac- 
tivity remained in Fraction Ila. At the higher temperatures, 
less of the total activity remained in Fractions Ila and IIb while 
more appeared in the carotenes proper. In general also, the 
higher the temperature the larger the proportion of the total ac- 
tivity to appear in the phytofluene fraction. Thus the results of 
the experiment of Table III would suggest that the conversion 
of mevalonic acid to lycopene and other carotenes is partially 
blocked at Fraction Ila by low temperature, at the phytofluene 
fraction by high temperature. 

An attempt has been made to find out directly whether Frac- 
tion Ila is in fact a precursor of lveopene. Radioactive Frac- 
tion Ila, isolated from tomatoes incubated with 2-C'-mevalon- 
ate, was suspended in water with Tween 80 and injected into a 
tomato. The fruit was then incubated for 24 hours. About 
9S per cent of the activity recovered was found in the crude phy- 
toene fraction, principally in Fraction IIa. The material was 
thus not metabolized. This is probably to be attributed to its 
lack of solubility and to its immobility within the fruit. 


DISCUSSION 


That mevalonic acid is a moderately direct precursor of caro- 
tenes is indicated by the rapid and extensive incorporation of 
labeled mevalonate into the carotenes of the excised tomato 
fruit. As much as one-half of the biologically active mevalon- 
ate, supplied to such a fruit appears in carotenes within 24 hours. 
In principle then it should be possible to deduce something 
about the path by which carotenes are formed and interconverted 
from the specific activities of the individual carotenes. These 
are summarized in Table I for a series of experiments in which 
2-C'-labeled mevalonic acid was incubated in excised fruits for 
24 hours. It is clear from the data of Table I that phytoene 
cannot be a general carotene precursor in the tomato fruit since 
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its specific activity is lower than that of any of the major caro- 
tenes. The crude phytofluence fraction, on the contrary, pos- 
sesses a specific activity higher than that of the other major 
carotenes. ‘This fraction contains some material, not rigorously 
shown to be phytofluene itself, which could therefore function 
as a precursor. It is clear also that lycopene cannot serve as a 
precursor of carotenes which contain @-ionone rings such as B- 
and y-carotene. The latter must therefore derive more directly 
from less oxidized materials. 

A principal conclusion from this work is the association with 
carotene synthesis of a hitherto unrecognized material, Fraction 
Ila. This is rapidly formed from mevalonic acid. Its specific 
activity is as high as that of the phytofluene fraction and thus 
higher than that of any of the carotenes proper. It disappears 
during the course of continued carotene formation. From its 
chromatographic behavior it is evidently a hydrocarbon; from 
its optical properties it would appear to possess two conjugated 
as well as unconjugated double bonds. Fraction IJa would ap- 
pear therefore to be a possible intermediate between mevalonic 
acid and the carotenes. 
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SUMMARY 


1. 2-C'*-labeled mevalonic acid is shown to be incorporated 
into a variety of carotenes by isolated tomato fruits. As much 
as 56 per cent of the biologically active isomer appears in the 
carotene fraction in 24 hours of incubation. 

2. All of the major carotenes, including lycopene, of isolated 
tomato fruits become labeled as the result of incubation of the 
fruit with C'-labeled mevalonic acid. The specific activities of 
the individual substances are, however, very different. Phyto- 
ene has been found to have the lowest specific activity, phyto- 
fluene and ¢-carotene the greatest, of the major carotenes. 

3. A major portion of the activity of 2-C'*-mevalonic acid ap- 
pears in a hitherto unrecognized material, Fraction IIa. This 
material is closely associated with phytoene from which it is 
separated by chromatography on alumina. Fractions IJa and 
IIb possess absorption peaks at 208 and 231 my and presumably 
possess two conjugated double bonds. The kinetics of the ap- 
pearance and disappearance of Fraction IIa suggest that it may 
be an intermediate in carotene biogenesis. 
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Presumptive evidence for the production of steroids by the 
human fetal adrenal gland has accumulated during recent years. 
The studies involved mostly analysis of fetal adrenal tissue (1-4) 
or umbilical cord blood (5-8) for steroid content, the results of 
which did not unequivocally establish steroid synthesis by the 
fetal adrenal cortex. Lanman and Silverman (9) demonstrated 
the conversion of progesterone to corticoids by neonatal adrenal 
slices. With one exception (1), the several studies were carried 
out on fetuses during the last trimester of gestation or at term, 
a period of variable change in the morphology of the fetal adrenal. 

The human fetal adrenal cortex is distinguished by the presence 
of two histologically distinct zones; the definitive (adult) cor- 
tex and the fetal zone. The latter comprises about 80 per 
cent of the total adrenal volume during most of pregnancy (10). 
Whereas the adult cortex transiently diminishes in size at birth, 
the fetal zone degenerates rapidly beginning after birth. The 
separate capacities of these two tissues for steroid production 
have not been studied. 

This report describes the isolation and characterization of 
several steroids from incubations of human fetal adrenal slices 
with sodium 1-C"-acetate, and the capacity of both the adult 
cortex and fetal zone to produce steroids. 


METHODS 


Quantitative Determination of Steroids—A‘-3-Ketosteroid con- 
centrations were determined by measurements of absorbancy at 
240 my in the Beckman model DU spectrophotometer. Steroids 
with a-ketolic side chains, when present in amounts less than 
0.2 mg. in eluates from paper chromatograms, were measured by 
the “blue tetrazolium” reaction (11). Dehydroepiandrosterone 
was determined by the Zimmerman color reaction (12), and 
A*-pregnene-38-ol-20-one (pregnenolone) either by the Pettenkof- 
fer reaction (13) or gravimetrically. 

Radioactivity Determinations—Aliquots of material were trans- 
ferred to aluminum-cupped planchets. The solvent was allowed 
to evaporate spontaneously or with the aid of heat from an infra- 
red lamp and a mild stream of nitrogen gas. All radioactivity 
measurements were made with the Tracerlab model SC-16 or a 
Robinson windowless gas flow counter for a period of time to 
assure precision of +5 per cent or better, the data being cor- 
rected to infinite thinness. 


* This work was supported by Research Grant RG-4966, Na- 
tional Institutes of Health, United States Public Health Service, 
and an Institutional Grant from the American Cancer Society. 


EXPERIMENTAL AND RESULTS 


Incubation No. 1 


The adrenals from a male fetus, 22 weeks gestational age (21 
cm. crown-rump length), were obtained after spontaneous abor- 
tion. The tissue was separated into definitive cortex and fetal 
zone with fine scissors after slicing the glands in 2-mm. intervals. 
Care was taken to obtain pure fetal zone tissue necessitating 
contamination of the definitive cortex with some fetal zone tissue. 
Definitive cortical slices, 1.27 gm., were incubated in fetal serum: 
0.9 per cent sodium chloride (1:1) (250 mg. of tissue per 4 ml. 
of incubation medium) with 0.25 mc. of sodium 1-C"-acetate, 
and 10 I.U. of ACTH! (Corticotropin, Upjohn Company). In 
an identical manner, 0.54 gm. of definitive cortex and 0.28 and 
0.60 gm. of fetal zone were incubated with 500 I.U. of human 
chorionic gonadotropin (Follutein, Squibb and Sons), 10 I.U. of 
ACTH, and 500 I.U. of gonadotropin, respectively. The in- 
cubations were carried out in a Dubnoff Shaking Incubator 
(Precision Scientific Company) at 37° + 1° for 4 hours in air. 
The definitive cortical slices contained 25 per cent or less of fetal 
zone tissue. 

After incubation and homogenization of the incubates, 0.2 mg. 
of each of the following steroids was added as carrier to each 
homogenate: A‘-androstene-3 , 17-dione, dehydroepiandrosterone, 
118-hydroxy-A‘-androstene-3 ,17-dione, corticosterone, cortisol, 
and 0.1 mg. of pregnenolone. The homogenates were extracted 
with ethyl acetate and diethyl ether:chloroform (4:1), and puri- 
fied by heptane-90 per cent methanol partition and paper 
chromatography as described previously (14). Acetone extrac- 
tion, silica gel column chromatography, and Girard T hydrazone 
formation, used in the previous work, were omitted. Of the 
added carrier steroids 50 to 60 per cent were recovered. 

The Cy steroid- and pregnenolone-containing zones from the 
paper chromatograms were eluted and rechromatographed se- 
quentially twice in the solvent system heptane-propylene glycol 
(15) and once in hexane-96 per cent methanol (16). Similarly, 
after elution, corticosterone and cortisol were rechromatographed 
twice in toluene-propylene glycol (17) and once in toluene :ethy] 
acetate (9:1)-50 per cent aqueous methanol (16). Before the 
second chromatography, androsterone and 118-hydroxyproges- 
terone were added to the fractions containing dehydroepiandros- 
terone and 11@-hydroxy-A‘-androstene-3 , 17-dione, respectively. 
After chromatographic separation and elution, the added steroids 


1 The abbreviation used is: ACTH, adrenocorticotropic hormone. 
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TABLE I 


Radioactivity in steroid fractions obtained from incubations of fetal 
zone and definitive cortex of adrenals from human fetus, 
22 weeks gestational age, after paper 
chromatographic separation 
For details of incubation and chromatography, see text. Ac- 
tivity corrected and caleulated back to original amounts of car- 
rier steroid added. 


Total activity 


ACTH incubation Gonadotropin incubation 


Steroid | 
| adult | Fetal Adult Fetal 
cortex zone cortex zone 
c.p.m./100 mg. tissue/hr. 

Dehydroepiandrosterone..| 92 196 S6 135 
A‘-Androstene-3,17-dione... 83 136 62 97 

38-Hydroxy-A5-pregnene- | | 


were devoid of radioactivity. A*-Androstene-3,17-dione and 
pregnenolone, which were eluted from previous chromatograms 
as one fraction, were acetylated and separated by a third chroma- 
togram.? 

The total radioactivity in the eluates containing dehydroepi- 
androsterone and A*-androstene-3,17-dione plus pregnenolone 
remained constant, 7.e. within + 10 per cent of the mean value, 
after two consecutive chromatograms in the two solvent systems, 
The sum of the activities of A*t-androstene-3,17-dione and 
pregnenolone acetate accounted for 88 to 95 per cent of the total 
present in the eluates before separation by acetylation. 11£8- 
Hydroxy-A*-androstene-3 , 17-dione and corticosterone lost their 
label slowly. The cortisol fractions unfortunately were lost after 
the first chromatography. 

The analytical data, corrected for carrier steroid recovery, are 
shown in Table I. The steroid fractions from both the fetal 
zone and the definitive cortex incubation extracts contained 
radioactivity. The total radioactivity in the pregnenolone, A‘- 
androstene-3,17-dione, and dehydroepiandrosterone fractions 
obtained from the fetal zone tissue incubates did not differ signif- 
icantly from those obtained from the adult cortex incubations. 
Under ACTH stimulation, fetal zone tissue appeared to incorpo- 
rate more C'-acetate into these three steroid fractions than 
definitive cortical tissue; C'-acetate incorporation by the two 
tissues under gonadotropin stimulation was of the same order of 
magnitude. 


Incubation No. 2 


Whole adrenal slices of 388 and 74 mg., from a male fetus, 12 
weeks gestational age (8 em. crown-rump length; fetus removed 
during therapeutic abortion for carcinoma of the cervix), were 
incubated with 0.75 1.U. of ACTH and 75 I.U. of gonadotropin, 
respectively. Each incubation mixture contained 0.22 me. of 
sodium 1-C'™-acetate; incubation was carried out in 95 per cent 


2 Acetic anhydride, 0.03 ml., and 0.06 ml. of pyridine were added 
to each dried eluate, and allowed to stand at room temperature for 
20 hours. The solvents were removed by evaporation under ni- 
trogen. The residue was chromatographed in the solvent svstem 
heptane-propylene glycol, followed by the elution of At-andros- 
tene-3,17-dione from the chromatogram and recovery of A°-preg- 
nenolone acetate from the overflow. 


Human Fetal Adrenal Steroid Synthesis in vitro 


02:5 per cent CO, for 23 hours. Other details were the same as 
for Incubation No. 1. 

After incubation and homogenization, the following carrier 
steroids were added: 2.0 mg. each of A*-androstene-3 , 17-dione 
and pregnenolone, 3.0 to 3.3 mg. each of progesterone, 17a-hy- 
droxyprogesterone, A‘-androstene-3,11,17-trione (adrenoster- 
one), testosterone, and 116-hydroxy-A‘-androstene-3 , 17-dione, 
4.1 mg. of corticosterone, 6.0 mg. each of dehydroepiandrosterone 
and cortisol, 1.4 mg. of estrone, and 20 mg. of cholesterol. Sub- 
sequent to extraction and purification inclusive of paper chroma- 
tography as described previously, 45 to 65 per cent of the added 
carrier steroids were recovered. 

The steroid containing eluates from the paper chromatograms 
were separated as follows. Testosterone, adrenosterone, 17a- 
hydroxyprogesterone, and , 17- 
dione were separated by rechromatography in the solvent system 
heptane-propylene glycol for 96 hours. A‘-Androstene-3, 17- 
dione and pregnenolone were separated by digitonin precipitation 
(18). Estrone was removed from corticosterone by three extrac- 
tions from chloroform with 0.1 volume of cold 0.1 N NaOH, 
followed by acidification and ether extraction. The recovered 
estrone showed no absorbance at 240 muy. 

The isolated steroid fractions from Incubation No. 2 were 
carried through several crystallizations. After the second crys- 
tallization, testosterone and adrenosterone had lost their radio- 
active labeling. The specific activities (c.p.m. per mg.) of several 
steroids remained constant during crystallization; however, these 
values were generally too low (78 to 358 ¢.p.m. per mg.) to permit 
further radiochemical purity tests for identification of the iso- 
lated steroids. Therefore, C'-steroidal fractions from a third 
incubation were combined with the individual steroids from 
Incubation Nos. 1 and 2. 

In Incubation No. 3, a total of 0.74 gm. of whole adrenal tissue 
slices from a female fetus, 18 weeks gestational age (13.5 cm. 
crown-rump length; fetus obtained during spontaneous abor- 
tion), had been incubated with a total of 0.60 me. of sodium 
1-C'-acetate under the same conditions as for Incubation Nos. 
l and 2. Carrier steroids were not added to the homogenate of 
Incubation No. 3. Extraction and purification inclusive of paper 
chromatography was similar to that outlined above. 


Determination of Radiochemical Purity 


The individual pooled steroids were carried through one paper 
chromatography followed by a final addition of 7.0 to 10.5 mg. of 
each carrier steroid (3.5 mg. of estrone). Radiochemical purity 
determinations were carried out by crystallization, counter- 
current distribution, derivative formation and paper chroma- 
tography. Countercurrent distributions were carried out in 4 
100-tube glass apparatus (H. O. Post Scientific Instrument 
Company) according to the procedure of Engel et al. (19) and 
Baggett and Engel (20). 


Estrone 


The crystalline estrone obtained after one crystallization from 
diethyl ether:ethyl acetate had a specific activity of 6 ¢.p.m. 
per mg., the supernatant, 8 c.p.m. permg. No further work was 
carried out on the estrone fraction. 


Cig Steroids 


The specific activities of the three Cy steroids (dehydroepi- 
androsterone, A‘-androstene-3 ,17-dione, 118-hydroxy-A‘-andro- 
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stene-3 ,17-dione) observed during repeated crystallizations are 
listed in Table II. Both the crystalline material and the super- 
natant gave reproducible (constant) specific activities upon at 
least two consecutive crystallizations. The isolated steroids were 
next subjected to countercurrent distribution. Distribution 
curves of radioactivity and weight, and of specific activities (Fig. 
1) indicated radiochemical homogeneity. The average specific 
activities, with standard error, were: dehydroepiandrosterone, 
349 + 10.8 c.p.m. per mg.; At-androstene-3 ,17-dione, 107 + 4.6; 
and 118-hydroxy -A‘-androstene-3,17-dione, 80 + 6.8. The 
precision of the observed counts of 118-hydroxy-A*‘-androstene- 
3,17-dione was 10 to 15 per cent because of low total radioactivity 
to background radioactivity ratios. The values obtained after 
crystallization and countercurrent distribution agreed well with 
each other. 


C19 Steroid Derivatives 


Dehydroepiandrosterone Acetate—To 3.7 mg. of dehydroepi- 
androsterone (average specific activity, 349 ¢.p.m. per mg.), 
representing the pooled contents of Tubes 34 to 64 after counter- 
current distribution, 0.1 ml. of acetic anhydride and 0.2 ml. of 
anhydrous pyridine were added. After standing at room tem- 
perature for 20 hours, the dried crystalline residue was chroma- 
tographed in the solvent system heptane-propylene glycol. De- 
hydroepiandrosterone acetate (1.74 mg.) was eluted from paper, 
and its identity confirmed by infrared absorption analysis. The 
specific activity, expressed as free dehydroepiandrosterone, was 
430 ¢.p.m. per mg. 

Hydroxylation of A*- Androstene - 3,17 - dione—A‘ - Androstene- 
3,17-dione, 0.5 mg., (average specific activity, 107 ¢.p.m. per 
mg.; Tubes 12 to 24) was incubated with 520 mg. of rat adrenal 
slices by the method described for the incubation of steroids with 
mouse adrenal tumor slices (21). The oxidation product, 0.155 
mg. of 113-hydroxy-A*-androstene-3 ,17-dione, after separation 
and identification by paper chromatography, was found to have 
a specific activity of 125 ¢.p.m. per mg. 

Oxidation of 113-Hydroxy-A*-androstene-3 ,17-dione—An ali- 
quot of the combined contents of Tubes 34-46 from the counter- 
current distribution of 118-hydroxy-A‘-androstene-3 , 17-dione 
(average specific activity, 80 ¢.p.m. per mg.) was allowed to 
react with 3.0 mg. of CrOs; dissolved in 1.5 ml. of glacial acetic 
acid for 30 minutes at room temperature with agitation. After 
reduction of the excess chromic acid with NaeSOs, extraction, and 
chromatographic separation and identification (mobility in 
heptane-propylene glycol compared to authentic adrenosterone), 
the specific activity of the oxidation product, 0.30 mg. of adrenos- 
terone, was found to be 72 ¢.p.m. per mg. 


C2, Steroids 


The observed specifie activities of the five Co; steroids during 
successive crystallizatjons are listed in Table III. The crystal- 
line material and the supernatant of pregnenolone, 17a-hydroxy- 
progesterone, and cortisol exhibited constant specific activities 
upon at least two consecutive crystallizations. Progesterone and 
corticosterone lost activity throughout crystallization, the former 
losing essentially all its labeling. These two steroids were not 
studied further. Each of the other C2; steroids was converted 
to one or two derivatives, followed by or preceeded by counter- 
current distribution. 

17 a-Hydroxyprogesterone—Crystalline 17a-hydroxyproges- 
terone, 5.5 mg., (average specific activity, 52 ¢.p.m. per mg.) 
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TaBLeE II 
Specific activities of At-androstene-3,17-dione, dehydroepiandros- 
terone and 118-hydrozy-A'-androstene-3 ,17-dione isolated from 
pooled extracts of human fetal adrenal incubations by dilution 
carrier technique after repeated crystallization 


For details of incubation, see text. Specific activity = ¢.p.m. 


per mg. 
| 118-Hydroxy- 
At-Androstene- Dehydroepiandros- 
Crystallization 
Specifi | Specifi « (Specific | Sol- 
Solvent _ activity Solvent wad vent* 
First 
crystalline If k-H | 383 ELA-M L-EA 
supernatant 126 | I I 
Second | 
erystalline 130 | 336 8S 
Third 
erystalline 135 , 345 77 
supernatant 120 325 72 


* Solvent mixtures used for crystallization: I, diethyl ether; 
H, hexane; M, 95 per cent methanol; KA, ethyl acetate; Et, 95 
per cent ethanol. 

+1, impure, contamination with colored material. 
activities not determined. 


Specific 


3.0 3 
y =0.095x-0.05 */ 
E ° 
a. 
% 
« 
oO 10 20 30 40 SO 60 0O 10 20 30 40 
TUBE 


Fic. 1. Solvent system, number of tubes, observed distribution 
coefficient (AK), and percentage recovery for the countercurrent 
distribution of each steroid were: dehydroepiandrosterone (X): 70 
per cent methanol/CCl,, 100 tubes, A = 0.83, 76 per cent; A‘- 
androstene-3, 17-dione CgHis:ethyl acetate (3:2) /60 per cent 
ethanol, 50 tubes, K = 0.70, 87 per cent; 118-hydroxy-A‘-andros- 
tene-3,17-dione (O): 70 per cent methanol/CHCl;:CCl, (1:4), 100 
tubes, A = 0.75, 83 per cent; 38-hydroxy-A*®-pregnene-20-one (@): 
C.H.2:ethyl acetate (3:2)/60 per cent ethanol, 53 tubes, K = 0.71, 
87 per cent; 118-hydroxy-A*t-androstene-3,17-dione (derived from 
cortisol) (@): 70 per cent methanol/CHCl,;: CCl], (1:4), 60 tubes, K 
= (0.76, 65 per cent; At-androstene-3,17-dione (derived from 17a@- 
hvdroxyprogesterone), (equation of line X—X = y = 0.095x — 
0.05): CgHie:ethyl acetate (3:2)/60 per cent ethanol, 53 tubes, 102 
percent. KA of At-androstene-3,17-dione = 0.66, K of radioactive 
compounds = 1.04, 1.65, 2.05. 


was allowed to react with 11 mg. of CrO; (as 0.2 per cent solu- 
tion in glacial acetic acid) at room temperature for 40 minutes 
with shaking. Water was added, the unreacted chromic acid 
was reduced with NasSQOs, and the oxidation product extracted 4 
times with 2 volumes of ethyl acetate. The extract was sub- 
jected to silica-gel column chromatography, with the solvent 
sequence benzene, benzene :ethyl acetate (97:3), (9:1), and (1:1). 
At-Androstene-3 ,17-dione, 1.33 mg., m.p. 172-173° (uncor- 
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TaBLe IIT 
Specific activities of & Cx steroids isolated from pooled extracts of 
human fetal adrenal incubations by dilution carrier technique 
during repeated crystallization 
For details of incubation, see text; for abbreviations used, refer 
to footnotes to Table ITI. 


Crystallization 


Steroid First Second Third 
| Solvent | Solvent | Solvent 
38-Hydroxy-A°- 
pregnen-20-one 
Progesterone | 
17a-Hydroxypro- | | | 
| 
Corticosterone | | | 
59 | EM | EAM] 195 EAH 
Cortisol | | | | 


rected), with mobility identical to authentic A*-androstene-3, 17- 
dione in heptane-propylene glycol, was obtained from the 
benzene:ethyl acetate (97:3) fraction. The isolated product 
possessed a specific activity of 123 ¢.p.m. per mg. The con- 
version product was subjected to a 53 transfer countercurrent 
distribution in cyclohexane:ethyl acetate (3:2)-60 per cent 
aqueous ethanol. ‘The distribution coefficient of steroid ab- 
sorbing at 240 mu was 0.66, of three radioactive substances, 1.04, 
1.65, and 2.5. The equation describing the relation between the 
log of the specific activity of At-androstene-3 ,17-dione and the 
tube number was y = 0.095x — 0.05 (see Fig. 1). These data 
indicate the presence of a substance, in some physical properties 
similar to, but not identical with, 17a-hydroxyprogesterone. 

Pregnenolone—Pregnenolone, 3.1 mg., average specific activity, 
131 ¢.p.m. per mg., was submitted to countercurrent distribu- 
tion. The results indicated radiochemical homogencity with an 
average specific activity of 177 + 10.6 ¢.p.m. per mg. (see Fig. 
1). The contents of the countercurrent distribution Tubes 15 to 
27 were pooled and pregnenolone acetate formed by the pro- 
cedure described for the acetylation of dehydroepiandrosterone. 
Crystalline pregnenolone acetate, 2.5 mg., m.p. 148-148.5° (un- 
corrected), with a specific activity of 144 ¢.p.m. per mg. (ex- 
pressed as free pregnenolone) was recovered. 

Cortisol—To 7.4 mg. of cortisol (average specific activity, 41 
c.p.m. per mg.), a solution of 0.27 gm. of sodium bismuthate 
in 7.4 ml. of 50 per cent acetic acid was added. The mixture was 
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agitated at room temperature for 40 minutes, and was then 
diluted with water and extracted quantitatively with ethy| 
acetate. The extract was filtered, and the filtrate purified by 
silica-gel chromatography as described for 17a-hydroxypro- 
gesterone. 118-Hydroxy-A*-androstene-3 , 17-dione, 4.06 mg., as 
identified by comparative mobility in the solvent system heptane- 
propylene glycol, with a specific activity of 44 ¢.p.m. per mg. 
(41 c.p.m. per mg. expressed as cortisol) was obtained. This 
oxidation product was subjected to countercurrent distribution, 
The average specific activity was 45 + 2.1 ¢.p.m. per mg., ex- 
pressed as 118-hydroxy-A‘*-androstene-3 ,17-dione (Fig. 1). The 
pooled contents of Tubes 20 to 34 (1.33 mg.) were oxidized with 
CrO; by the method described above for the oxidation of 118- 
hydroxy -A‘-androstene-3,17-dione. Adrenosterone, 0.30 mg., 
with a specific activity of 40 ¢.p.m. per mg. (37 ¢.p.m. per mg. 
expressed as cortisol) was recovered and identified by paper 
chromatography. 


DISCUSSION 


The results of Incubation No. 1 demonstrate the capacity of 
both the adrenal definitive cortex (glomerular and fascicular 
zones) and the fetal zone of the 22-week-old human fetus to 
synthesize steroids. Three steroids synthesized by both tissues 
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were partially identified as dehydroepiandrosterone, A‘-andro- — 


stene-3,17-dione, and pregnenolone. The 
acetate into the two Cy steroids, although small, is of the same 
order of magnitude as that found upon incubation of human 
adult hyperplastic adrenal tissue (14). Other observations from 
this laboratory indicate that the total acetate incorporation can 
be increased by lengthening the duration of incubation from 4 to 
12 hours, the incorporation per hour remaining essentially the 
same. ACTH stimulation of steroid synthesis in fetal zone tis- 
sue tended to be greater than in adult cortical tissue. 

Dehydroepiandrosterone, A‘*-androstene-3,17-dione, 11 8-hy- 
droxy-A*t-androstene-3 , 17-dione, pregnenolone, and cortisol were 
isolated from the pooled incubations. Testosterone, adrenos- 
terone, and progesterone did not retain their radioactive label. 
The dissociation of radioactivity from added carrier during initial 
crystallization (Incubation No. 2) suggest that testosterone and 
adrenosterone were not formed during the incubations.  |7a- 
Hydroxyprogesterone was contaminated with one or more radio- 
active substances. These contaminants, after oxidation of l7a- 
hydroxyprogesterone to A‘-androstene-3 ,17-dione, were largely 
separated from A*-androstene-3,17-dione by countercurrent 
distribution. However, radioactivity remained associated with 
all tubes containing A*androstene-3,17-dione. Hence, the 
countercurrent distribution data do not eliminate the possibility 
that 17a-hydroxyprogesterone was present in small amounts in 
the incubation extracts. The slow loss of label from corti- 
costerone, a major secretory product in human adult adrenals 
(22-25), indicates the presence of another substance with physical 
properties very similar to corticosterone. The decreasing ac- 
tivity of corticosterone is not considered to indicate its absence, 
rather, the amounts formed were insufficient for proof of radio- 
chemical homogeneity. 

It may be noted that progesterone and 17a-hydroxypro- 
gesterone could not be isolated although pregnenolone was 4 
reaction product. Most likely the conversion of pregnenolone to 
progesterone is the rate-limiting step in steroid synthesis under 
the experimental conditions employed. Further, it is suggested 
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that progesterone is rapidly converted, via 17a-hydroxypro- 
gesterone, to A*-androstene-3,17-dione, cortisol and, possibly, 
other conversion products. The data of both incubations sug- 
gest the formation of significant amounts of other, unidentified 
steroids. 

It is clear that the fetal adrenal cortex during the second 
quarter of gestation possesses already all the enzyme systems 
required to convert acetate to steroids. Information regarding 
the quantitative steroid production pattern could be gained by a 
comparison of the specific activities of the isolated steroids. 
Such a comparison cannot be made since the extract from each 
incubation contributed unequally to the total used for determina- 
tions of radiochemical purity. However, the sum of the observa- 
tions cited here and earlier studies (1, 3) suggest that the steroid 
production pattern of the fetal adrenal cortex, during the second 
quarter of gestation differs from that of the human adult adrenal. 
Although the isolation of cortisol indicates the qualitative pres- 
ence of the several steroid hydroxylating enzymes present also in 
adult adrenal tissue, the systems most active in the fetal adrenal 
result in the predominant formation of other steroids, particu- 
larly Cyg steroids. 

Very recently, Solomon et al. (26) demonstrated the conversion 
of progesterone to 17a-hydroxyprogesterone and A‘-androstene- 


e | 3,17-dione by human fetal adrenal tissue, including the fetal 
| of | 


zone. The failure to isolate 17a-hydroxyprogesterone in our 
studies, in addition to the factors discussed above, may be at- 
tributed to quantitative differences in experimental design, 
markedly poorer yields from acetate as substrate, the small 
amounts of adrenal tissue used, and the absence of carrier 17a- 
hydroxyprogesterone in the incubation medium. 
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SUMMARY 


Adrenal tissue slices from human fetuses, 12 to 22 weeks gesta- 
tional age, were incubated with sodium 1-C'-acetate and adreno- 
corticotropin or human chorionic gonadotropin. 

Both the definitive cortex and the fetal zone of the fetal adrenal 
synthesized steroids from acetate. Dehydroepiandrosterone, 
A‘-androstene -3,17-dione and 36-hydroxy - A*-pregnene -20-one 
were partially identified in incubation extracts from both tissues. 

Dehydroepiandrosterone, A*-androstene-3,17-dione, 118-hy- 
droxy-At-androstene -3 ,17-dione, 38-hydroxy-A5- pregnene -20- 
one, and cortisol were isolated by carrier dilution methods from 
the pooled extracts of three fetal adrenal incubations. Testos- 
terone, adrenosterone, progesterone, and 17a-hydroxyproges- 
terone were not found in detectable quantities, the two C2 
steroids probably having been rapidly converted to cortisol, A‘- 
androstene-3 , 17-dione, and other steroids. 

It is concluded that the fetal adrenal during the second quarter 
of gestation contains the enzyme systems necessary to convert 
acetate to steroids. Further, the suggestion is made that the 
human fetal adrenal, although capable of synthesizing the same 
steroids as the human adult adrenal, produces primarily other 
steroids, particularly Cy steroids, during the second quarter of 
gestation. 
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Conjugates of bovine serum albumin with progesterone, de- 
oxycorticosterone, and estrone have now been synthesized as an 
extension of a program to prepare and characterize steroid-pro- 
tein conjugates with the ultimate purpose of testing their ability 
to stimulate the formation of antihormonal antibodies (1). 

The steroid derivatives which were coupled to albumin are 
shown in Fig. 1. The synthetic approach followed was similar 
to that described earlier (1), except for the preparation of Com- 
pound I which was synthesized via the analogous pregnenolone 
derivative, according to the following scheme: 


pregnenolone — pregnenolone 20-(O-carboxymethy])oxime 
— pregnenolone 20-(O-carboxymethyl)oxime methyl ester 
— progesterone 20-(O-carboxymethyl)oxime methyl ester 
— progesterone 20-(O-carboxymethyl)oxime (1) 


The oxidation of pregnenolone 20-(O-carboxymethy]l)oxime 
methyl ester was accomplished by two different techniques: the 
Oppenauer oxidation and chromic acid oxidation (Jones’ solution) 
(2), the latter being the method of choice. A more satisfactory 
method for the preparation of testosterone 3-(O-carboxymethy])- 
oxime is included in the “Experimental” section of this paper. 

All derivatives were coupled to the protein by means of the 
mixed anhydride technique (1, 3). 

The conjugates described herein were found to be antigenic in 
rabbits, the antibodies being specific for the steroid portion of 
the molecule. During the preparation of this paper, Sehon et al. 
(4) reported the synthesis of an estrone-protein conjugate by 
methods differing from those described here. 


EXPERIMENTAL 


Preparation of Steroid-Protein Conjugates 


Pregnenolone 20-(O-carboxymethyljoxime—A solution of 10.45 
gm. (0.033 mole) of pregnenolone and 10.45 gm. (0.082 mole) of 
(O-carboxymethyl)hydroxylamine hydrochloride (5) in 517 ml. 
of ethanol containing 46.5 ml. of 2 N KOH was refluxed for 3 
hours. The reaction mixture was reduced to a small volume in 
a vacuum, water was added (about 150 ml.), and the pH ad- 
justed to 10 to 10.5 with 2 Nn KOH. After being extracted with 
ethyl acetate twice, the aqueous phase was acidified with con- 
centrated hydrochloric acid to pH 2 and placed in the refrigerator 
for 24 hours. The precipitate was collected by filtration and 
washed with water: yield, 13 gm. (92 per cent); m.p. 196-7° with 


* Present address: Armed Forces Institute of Pathology, Walter 
Reed Army Medical Center, Washington, D. C. 


decomposition. It was recrystallized from ethyl acetate; yield 
12 gm. (85 per cent); m.p. 204-205° with decomposition; [a]? 
0° + 3° (2 per cent in methanol). The infrared spectrum (Nu- 
jol) showed a band at 1730 cm.~! (C=0 of carboxyl) and no 
absorption at 1685 cm.-! (20-keto C=0). 


C23H3;04N 


Calculated: Neutral equivalent 389, C 70.92, H 9.05, N 3.60 
Found: Neutral equivalent 398, C 70.96, H 9.04, N 3.80 


Pregnenolone 20-(O-carboxymethyl)oxime Methyl Ester—A solu- 
tion of 0.68 gm. (1.8 mmoles) of pregnenolone 20-(O-carboxy- 
methyl)oxime in 50 ml. of ethy] acetate was treated with a solu- 
tion of diazomethane in 10 ml. of ether prepared from 1.2 gm. 
(10.0 mmoles) of N-nitroso-N-methylurea. Gas evolution was 
apparent. The reaction mixture was allowed to stand over- 
night at room temperature. Excess diazomethane was decom- 
posed by adding a small amount of glacial acetic acid. The reac- 
tion mixture was evaporated to dryness under reduced pressure, 
yielding 0.60 gm. (85 per cent) of crystalline product, m.p. 191- 
192°. Recrystallization from methanol yielded material of un- 
changed melting point; [a]?’ 0° + 2° (17.0 mg. in 2.0 ml. of eth- 
anol). The infrared spectrum showed a band at 1750 em.-! 
(C=0 of an ester). 


C2sH3;04N 


Calculated: C 71.43, H 9.24 
Found: C 71.14, H 9.18 


Progesterone 20-(O-carboxymethyl)oxime (by Oppenauer Oxida- 
tion)—A solution of 2.57 gm. (6.4 mmoles) of pregnenolone 20- 
(O-carboxymethyl)oxime methyl] ester in 95 ml. of dry acetone 
and 25 ml. of dry benzene was heated to boiling and treated with 
4.73 gm. (19.2 mmoles) of purified aluminum isopropoxide dis- 
solved in 100 ml. of dry benzene. The reaction mixture became 
cloudy and, after heating under reflux for 8 hours, was trans- 
ferred to a separatory funnel with an additional 25 ml. of benzene 
and washed with 40 ml. of 50 per cent Rochelle salt solution. 
The two-phase mixture was freed of the suspended solid by filtra- 
tion through Celite. 

The benzene layer was separated, washed three times with 
water, dried over sodium sulfate, and evaporated to dryness. 
The semisolid residue weighing 1.62 gm. was dissolved in 10 ml. 
of benzene and purified by passing through a Florisil column. 
Recrystallization of the purified material from acetone-Skelly- 
solve B yielded 1.43 gm. (56 per cent), m.p. 122-136°. Repeated 
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ul 
GH20-C-(CH2 )2°C-OH COOH 
C=0 N 
i 


Fig. 1. Steroid derivatives used for the preparation of steroid-protein conjugates 


recrystallization gave a crystalline product, m.p. 138—140°; 
lal—p +123° + 2° (20.0 mg. in 2.0 ml. of ethanol). The infrared 
spectrum (Nujol) showed a band at 1670 cm. (conjugated 
C=0). 

A solution of 2.18 gm. (5.2 mmoles) of progesterone 20-(O- 
carboxymethyl)oxime methy! ester in 78.5 ml. of methanol was 
treated with 8.7 ml. of N NaOH (final normality of base, 0.1 N) 
and allowed to stand at room temperature. Aliquots of 0.4 ml. 
were drawn at 1-hour intervals, diluted with water, and examined 
for ester content with a quantitative hydroxamie acid-ferric per- 
chlorate method (6). After 3 hours, about 97 per cent of the 
ester was saponified. The reaction mixture was evaporated to a 
smaller volume, diluted with water, and extracted with two 50- 
ml. portions of ether. The ether extract was found to contain 
about 0.04 gm. of progesterone. The aqueous layer was brought 
to pH 2 with 8.7 ml. of N HCl. The resulting precipitate after 
standing in the cold overnight was filtered, washed with water, 
and dried for 2 hours in a vacuum at 90—95°. The crude product 
weighed 1.91 gm. (90 per cent). Two recrystallizations from 
aqueous methanol yielded 1.35 gm.; m.p. 165-167° (decomposed) ; 
[a]? +122° + 2° (12.9 mg. in 2.0 ml. of ethanol). The ultra- 
violet spectrum of the solution in 0.05 M Tris! buffer (pH 8.5) 
showed a maximum at 249 my (e 15,890). The infrared spec- 
trum (Nujol) showed bands at 1725 em.-! (C=0 of carboxyl) 
and at 1635 em.~! (conjugated C=0). 


Caleulated: Neutral equivalent 387, C 71.27, H 8.58, N 3.61 
Found: Neutral equivalent 393, C 71.23, H 8.65, N 3.68 


Progesterone 20-(O-carboxymethyl)oxime (by Chromic Acid Oxi- 
dation)—Pregnenolone 20-(O-carboxymethyl)oxime, 2.33 gm. 
(5.55 mmoles), was dissolved in 350 ml. of acetone (previously 
distilled over chromic acid) and the solution cooled to 10°. While 
a current of nitrogen was passed through this solution, Jones’ 
chromic acid oxidant (7) was added dropwise by burette, the 
temperature of the reaction mixture being kept at about 15°. 
Addition of the oxidant was terminated upon the appearance of 
an olive-green color accompanied by precipitation. A solution 
of 20 ml. of methanol in 2 ]. of water was added to complete the 
precipitation of the product. It was then collected by filtra- 
tion, washed with water, and air-dried; yield, 2.28 gm.; m.p. 
113-125°. To complete isomerization the product was dissolved 
in 150 ml. of methanol, to which were then added 5 drops of a 
10 per cent solution of KOH (yellow color). After standing over- 
night in the refrigerator, the solution was acidified to pH 2 with 
hydrochloric acid and then enough water was added to precipi- 
tate the product. The latter was extracted into ethyl! acetate, 


1 The abbreviations used are: Tris, tris(hydroxymethy])amino- 
methane; e-DNP, e-dinitrophenyl. 


the ethyl acetate solution was washed with water, dried over 
sodium sulfate, and evaporated to dryness in a vacuum. Re-. 
crystallization of the residue from acetone-petroleum ether 
vielded 1.9 gm. of ketone melting at 138—139°. 

Preparation of Progesterone 20-Albumin Conjugate—Proges- 
terone 20-(O-carboxymethyl)oxime, 1.2 gm. (3.05 mmoles), and 
0.75 ml. (0.60 gm., 3.05 mmoles) of tri-n-butylamine were dis- 
solved in 30 ml. of dioxane and, after the solution was cooled to 
8°, 0.40 ml. (0.45 gm., 3.05 mmoles) of isobutylchlorocarbonate 
was added. The reaction was allowed to proceed for 35 minutes 
at 8°, after which the mixture was added in one portion to a well 
stirred, cooled solution of 4.2 gm. (0.06 mmole) of bovine serum 
albumin in a mixture of 110 ml. of water, 80 ml. of dioxane, and 
4.8 ml. of N NaOH (pH9). The solution became turbid but after 
about 20 minutes it was completely clear. A check of the pH 
revealed that it had fallen to 6.8. It was brought back to 7.5 
by the addition of 1.75 ml. of N NaOH. Stirring was continued 
for another 30 minutes after which another 0.5 ml. of NaOH was 
added and the reaction allowed to proceed for a total of 4.5 hours. 
The solution was then dialyzed overnight against running water, 
the pH adjusted to 4.5 with N HCl, and the resulting precipitate 
collected by centrifugation after being stored in the cold for 24 
hours. The conjugate was redissolved in 200 ml. of water and 
brought to pH 7 by the addition of N NaOH. After the addition 
of 300 ml. of cold acetone the conjugate was reprecipitated by 
adjusting the pH to 5 with N HCl. After 3 hours in the refrig- 
erator, the conjugate was recovered by centrifugation and sub- 
jected to two similar reprecipitations, after which it was redis- 
solved at pH 7, dialyzed against running water, and lyophilized: 
vield, 3.6 gm.; [a]?? —41.9° + 2° (15.5 gm. in 5.0 ml. of 0.05 m 
Tris buffer, brought to pH 11).? 


Assumed molecular weight 77,400; 20 of 
60 groups substituted 


Caleulated: NH2-N 0.72, total N 14.89, ratio of NH2-N to total N 
0.049 

NH2-N 0.66, total N 13.87, ratio of NH»-N to total N 
0.048, moisture 5.8 


Found: 


Deoxycorticosterone 21-Hemisuccinate—A solution of 1.0 gm. 
(3.0 mmoles) of deoxycorticosterone and 1.0 gm. (10.0 mmoles) 
of succinic anhydride in 10 ml. of dry pyridine was refluxed for 
4.5 hours. The reaction mixture was evaporated to dryness un- 
der reduced pressure, and the semisolid residue dissolved in chlo- 
roform, washed three times with water, dried over sodium sul- 
fate, and evaporated to dryness. The residue was recrystallized 
twice from acetone, yielding 1.12 gm. (86 per cent) of product, 
m.p. 200—-202°. Two further recrystallizations, one from ben- 
zene-hexane, and one from acetone gave pure compound, m.p. 


* The specific rotation of bovine serum albumin at pH 11.1 is 
[a]?° —75.8° + 2°. 
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204-206°; [a]> +158° + 2° (13.0 mg. in 2 ml. of ethanol). The 
ultraviolet spectrum of the solution in 0.05 m Tris buffer (pH 
8.5) showed a maximum at 249 my (e€ 16,610). 


Calculated: Neutral equivalent 430, C 69.72, H 7.96 
Found: Neutral equivalent 430, C 69.65, H 7.74 


Preparation of Deoxycorticosterone 21-albumin Conjugate—De- 
oxycorticosterone 21-hemisuccinate, 4.4 gm. (10.34 mmoles) and 
2.40 ml. (1.91 gm., 10.34 mmoles) of tri-n-butylamine were dis- 
solved in 100 ml. of dioxane and, after the solution was cooled to 
11°, 1.27 ml. (1.41 gm., 10.34 mmoles) of isobutylchlorocarbonate 
were added. The reaction was allowed to proceed for 20 min- 
utes at 4°, after which the mixture was added in one portion to a 
well stirred, cooled solution of 17.8 gm. (0.25 mmoles) of bovine 
serum albumin in 900 ml. of 1:1 water-dioxane and 17.8 ml. of 
N NaOH (resulting pH 9.5). Gas evolution and turbidity be- 
came apparent. The pH fell to 6.8 after 15 minutes and an ad- 
ditional 7.2 ml. of N NaOH were added to bring the pH back to 
8.5. After 2 hours the pH was 7.0. Stirring and cooling were 
continued for a total of 4 hours. The solution was dialyzed over- 
night against running water and then brought to pH 4.5 with n 
HCl. The product precipitated and, after storage in the cold 
overnight, was collected by centrifugation. The solid was sus- 
pended in 200 ml. of water and redissolved by adjusting the pH 
to 5.5 withn NaOH. Reprecipitation was accomplished by add- 
ing 400 ml. of cold acetone and bringing the pH to 5.0 by the 
addition of N HCl. With volumes of acetone smaller than that 
previously reported (1) and by effecting precipitation by suitable 
adjustment of the pH, a more soluble product is obtained. The 
reprecipitation process was repeated twice after which the residue 
was redissolved in 200 ml. of water (pH adjusted to 7.0 with n 
NaOH), dialyzed against running water, and lyophilized. The 
product weighed 14.0 gm., [a]? —40.0° + 2° (14.9 mg. in 5.0 
ml. of 0.05 m Tris buffer, pH 11). 

Assumed molecular weight 78,270; 20 of 
60 NH» groups substituted 
Calculated: NHoe-N 0.71, total N 14.35, ratio of NH»-N to total N 
0.050 
NH.-N 0.67, total N 12.77, ratio of NHe-N to total N 
0.052, moisture 11.0 


Found: 


Estrone 17-(O-carboxymethyl)oxime—This compound was pre- 
pared by the method of Huffman et al. (8), and also by the fol- 
lowing method which was found to be more satisfactory for the 
preparation of moderate quantities of material. A solution of 5 
gm. (18.5 mmoles) of estrone, 5 gm. (39.2 mmoles) of (O-carboxy- 
methyl) hydroxylamine (5), 22.5 ml. of 2 N KOH, and 250 ml. of 
ethanol was refluxed for 3 hours. The alcohol was removed in a 
vacuum, 500 ml. of water were added, the pH adjusted to 8.5, 
and the aqueous solution then extracted twice with volumes of 
100 ml. of ethyl acetate. Acidification of the aqueous layer 
vielded a precipitate which was collected by filtration; yield, 6.5 
gm. (97 per cent). Recrystallization from ethyl alcohol yielded 
6.4 gm. (95 per cent, m.p. 188—-190° (decomposed) (reported (8) 
m.p. 188°). 

Preparation of Estrone 17-albumin Conjugate—Estrone 17-(O- 
carboxymethyl)oxime, 2.06 gm. (6.0 mmoles) and 2.86 ml. (2.28 
gm., 12.0 mmoles) of tri-n-butylamine were dissolved in 90 ml. 
of dioxane. The solution was cooled and treated with 0.63 ml. 
(0.70 gm., 6.0 mmoles) of isobutylchlorocarbonate. Precipita- 
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tion sometimes occurs after addition of tri-n-butylamine. This 
precipitate redissolves upon addition of isobutylchlorocarbonate. 
The reaction was allowed to proceed in the cold for 30 minutes 
and then the mixture was added in one portion to a stirred, cooled 
solution of 7.0 gm. (0.10 mmole) of, bovine serum albumin in 
183.5 ml. of water, 123.5 ml. of dioxane, and 7.0 ml. of N NaOH. 
Stirring and cooling were continued for 4 hours, the pH remain- 
ing at 7 throughout the reaction. The solution was dialyzed 
against running water for 17 hours and brought to pH 4.6 with 
N HCl. The resulting precipitate was allowed to stand in the 
cold overnight and then was collected by centrifugation. The 
product was suspended in 200 ml. of water, dissolved by bringing 
the pH to 7.0 with a small amount of N NaOH, and reprecipitated 
by the addition of 300 ml. of cold acetone followed by adjustment 
of the pH to 4.5 with Nn HCl. The precipitate was collected by 
centrifugation and the acetone treatment was repeated twice. 
The third acetone extract was found to contain no detectable 
amount of estrone. The conjugate was taken up in 300 ml. of 
water and the pH was adjusted with N NaOH to 7.8. A small 
amount of solid which remained undissolved was removed by 
centrifugation and discarded. The supernatant liquid was di- 
alyzed against running water for 8 hours and lyophilized, yield- 


ing 6.8 gm. of conjugate, [a]? —40.8° + 2° (24.5 mg. in 5.0 ml. | 


of 0.05 m Tris buffer, pH 11.3). 


Assumed molecular weight 76,500; 20 of 
60 NHoe groups substituted 


Calculated: NH2-N 0.72, total N 14.95, ratio of NH2-N to total N 
0.048 


NHo-N 0.69, total N 13.80, ratio of NH»2-N to total N 
0.050, moisture 10.2 


Found: 


Testosterone 3-(O-carboxymethyl)oxime—A solution of 5 gm. 
(17.4 mmoles) of testosterone, 5 gm. (39.3 mmoles) of (O-car- 
boxymethyl)hydroxylamine (5), 21 ml. of 2 N NaOH, and 250 
ml. of ethanol was refluxed for 3 hours. It was reduced in volume 


in a vacuum, diluted with 3 times its volume of water, and ad- — 


justed to pH 8 with dilute NaOH. Unchanged testosterone was 
removed by ether extraction after which the aqueous layer was 
acidified and the oxime extracted into ethyl acetate. After dry- 
ing over anhydrous sodium sulfate the ethyl acetate was removed 


in a vacuum leaving a crystalline residue which was recrystallized | 


from a minimal quantity of ethyl acetate; yield, 4.7 gm. (75 per 
cent), m.p. 179-181° (reported (1) m.p. 179-181°). 


Characterization of Steroid-Protein Conjugates 


Ultraviolet Spectra—Fig. 2 shows the ultraviolet spectra of the 
three conjugates and the corresponding steroid derivatives, each 
accompanied by a spectrum of the albumin. The optical density 
values corresponding to the absorption maxima provided a basis 
for the estimation of the degree of steroid substitution in each 
conjugate with calculations and assumptions described in the 
previous paper (1). The results are listed in Table I. 

The curve for the estrone conjugate deserves additional com- 
ment. 


a maximum at 278 my, one would expect the curve to reflect 4 
simple additive process but instead, its maximum occurs at 281 
mu. This bathochromic effect can be explained by an increased 
participation of the unshared electron pairs of the phenolic hy- 
droxyl groups in the resonance of the aromatic systems of the 
chromophores. Why increased participation should occur in 


Since the chromophoric groups of both the steroid and — 
the protein moieties absorb in the same spectral region, 7.e. with — 
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Fia. 2. Ultraviolet spectra of conjugates and related substances 
in 0.05 m Tris buffer, pH 8.5. The broken line curves represent 
values obtained by subtracting the absorption of bovine serum 
albumin from that of the conjugates. Concentrations: Proges- 
terone conjugate (P-20-BSA), 6.4 mg. per 100 ml.; deoxycorti- 
costerone conjugate (D-21-BSA), 4.2 mg. per 100 ml.; estrone 
conjugate (I-17-BSA), 46.7 mg. per 100 ml.; progesterone 20-(O- 
carboxymethyl)oxime, (P-20-CMQO), 1 mg. per 100 ml.; deoxycor- 
ticosterone-21-hemisuccinate (D-21-HS), 1.4 mg. per 100 ml.; 
estrone 17-(O-carboxymethyl)oxime (I¢-17-CMQ), 5.7 mg. per 100 
ml. In each case the concentration of bovine serum albumin 
(BSA) equaled that of the conjugate. 


1 
270 230 


1 
250 


230 


TABLE 
No. of steroid residues per molecule of conjugate 
: Ratio of Ultraviolet |Dinitrophen- 
Conjugate NH2-H to N spectra | yiation 
Progesterone 20-albumin....... 20 12 
Deoxycorticosterone 21-albu- | 
| 20 23 | 19 


Estrone 17-albumin............ 20 26 20 


the conjugate is not at all apparent. An attempt was made to 
relate this phenomenon to the lower net positive charge of the 
conjugate relative to that of unsubstituted albumin. Acetylated 
bovine albumin was prepared (9) and its ultraviolet spectrum 
compared with that of bovine albumin. They were found to be 
essentially identical (cf. 10). The charge effect is thus elimi- 
nated and the bathochromic shift observed in the spectrum of 
the estrone conjugate must, therefore, be due to an interaction 
between the steroid and the tyrosine and/or tryptophan residues 
of the protein, the nature of this interaction being unknown at 
this time. 

Determination of Number of Steroid Residues by Dinitrophenyla- 
tion—The conjugates and albumin were dinitrophenylated by 
the method of Sanger (11), hydrolyzed, and the amount of e- 
DNP-lysine estimated spectrophotometrically. The procedure 
and calculations were the same as previously described (1), ex- 
cept that the recovery of lysine on acid hydrolysis was deter- 
mined in a more rigorous manner. Mixtures of e-DNP-lysine 
with albumin and conjugates of progesterone, deoxycorticoster- 
one, and estrone were heated with 6 N HCI at 118° for 18 hours 
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to determine the degree of destruction of the respective DNP 
derivatives under the conditions of acid hydrolysis. Destruction 
of e-DNP-lysine was considerably enhanced by the presence of 
the steroid-protein conjugates during acid hydrolysis, amounting 
to as much as 35 per cent, while only 10 to 15 per cent loss oc- 
curred when mixtures of e~-DNP-lysine with the albumin were 
hydrolyzed under identical conditions. Some _ representative 


II 
Recovery of e-DNP-lysine after acid treatment in presence and 
absence of conjugates or bovine serum albumin* 


Protein or conjugate Recovery 
70 
Bovine serum albumin.................... 90 
Deoxycorticosterone 72 
Progesterone 20-albumin.................. 


* A solution of 1 mg. of e-DNP-lysine (with or without conju- 
gate or bovine serum albumin) was heated with 6 x HCl in a 
sealed tube at 118° for 18 hours. The recovered e-DNP-lysine 
was estimated spectrophotometrically as previously described (1). 


TaBLe III 
Electrophoretic mobilities of conjugates 


Mobility « 105 


Protein pH = 7.4, 4 = 0.2 


Bovine serum albumin.................... 5.06 
Progesterone 6.22 
Deoxycorticosterone 2l-albumin. | 6.11 


TABLE IV 
Comparison of infrared spectral characteristics of conjugates with 
those of related steroids 
The absorption bands listed here are present only in the steroid 
albumin conjugates and do not appear in the infrared spectrum 
of bovine serum albumin. Additional bands common to both the 
conjugate and the albumin are present at 1175, 980, and 975 em.7!. 


Conjugates Related steroids 


Progesterone 20-albumin | Progesterone 20 -(O-carboxy - 


methyl )oxime 
940 weak | em. 
1080 weak | 947 medium 
Deoxycorticosterone 2l-albu- medium 
min Deoxycorticosterone 21 - hemi - 
940 weak | succinate 
Estrone 17-albumin | 947 medium 
1110 weak I’strone 17-(O-carboxymethy])- 
1065 weak | oxime 
935 weak strong 
840 weak 1075 medium 
820 weak | 940 medium 
| 857 strong 
| &23 strong 
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values are listed in Table II. As a result of these studies the 
estimates of steroid substitution by this technique agree more 
closely with data derived from other methods (Table I) whereas 
in Paper I of this series (1) the values were consistently higher. 

Electrophoretic Mobilities—Table III lists the mobilities of the 
albumin and the conjugates in 0.02 mM phosphate buffer, pH 7.4. 
Mixtures of each conjugate with albumin were easily resolved 
electrophoretically. The mobilities of the conjugates of pro- 
gestrone and deoxycorticosterone were 1.2 times greater, and the 
mobility of the estrone conjugate 1.6 times greater than that of 
the albumin. 

Infrared Spectra—The conjugates were also characterized by 
means of their infrared spectra since, as was shown in the earlier 
paper (1), some characteristic stretching frequencies of the 
steroid moicties are still apparent in the fingerprint region. The 
absorption bands are listed in Table IV along with those of some 
related steroid derivatives. The spectra of all conjugates were 
determined as Nujol mulls with a Perkin-Elmer model 21C spec- 
trophotometer. 
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SUMMARY 


In an extension of a program designed to prepare steroidal sub- 
stances which could elicit antibodies with antihormonal proper- 
ties, three additional steroid-protein conjugates have been syn- 
thesized. They are conjugates in which bovine serum albumin 
is covalently linked to derivatives of progesterone, deoxycorti- 
costerone, and estrone. These conjugates have been analyzed 
and characterized by their ultraviolet and infrared spectra, elec- 
trophoretic behavior, and by dinitrophenylation studies. It has 
been estimated that at least 20 steroid residues have been co- 
valently linked to each molecule of bovine serum albumin. Like 
the previously prepared conjugates (1) these have also been found 
to be antigenic in rabbits. 
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All mammalian tissues so far examined, with the exception of 
adult brain, are capable of incorporating acetate carbon into 
cholesterol (1-5). It has been estimated that man synthesizes in 
the neighborhood of 1.5 gm. of cholesterol per day, a quantity 
apparently exceeding that ingested when an ordinary mixed diet 
is fed (6). According to Chevalier (7), the laboratory rat syn- 
thesizes about 43 mg. of cholesterol daily, which is also in excess 
of that normally ingested by this animal. The significance of 
synthetic cholesterol was emphasized in a recent report (8) in 
which it was estimated that as much as 75 per cent of plasma 
cholesterol is of endogenous origin in rats fed an ordinary diet, 
and that the endogenous contribution to plasma cholesterol 
could not be completely suppressed even when the rats received, 
for 6 weeks, a diet containing 2.0 per cent cholesterol. It would 
thus appear that endogenous sources must contribute signifi- 
cantly to the cholesterol found in most tissues of animals fed 
laboratory diets. 

The present report deals with the relative contributions of 


_ dietary and endogenous cholesterol to the composition of cho- 
- lesterol in four tissues: liver, small intestine, adrenal gland, and 


testis of rats fed diets containing 0.05 and 2.0 per cent cholesterol. 
The small intestine and liver are of interest because they are 
concerned in large measure with the handling of absorbed cho- 
lesterol; the two glandular tissues, because they participate in 
the conversion of cholesterol to steroid hormones. 


EXPERIMENTAL 


The rats used in this study were fed, from the time of weaning, 
a diet practically devoid of cholesterol; not more than 0.006 per 
eent. The preparation of the two diets containing cholesterol-4- 
C4 and the treatment of the rats have been described elsewhere 
(8). 

The rats had access to food and water until they were killed. 
All the rats dealt with here ate well throughout the course of the 
experiment. The food intake of each rat, measured daily, 
averaged about 15 gm. At necropsy, food was found in the 
stomachs of all rats. 

At the end of the experiment the rats were bled by heart 
puncture, and the various tissues were excised. The small 
intestine was ligated just below the level of the entrance of the 


bile duct and just above the cecum. The intestine was cut 


above the upper ligature, and stripped of extraneous tissue. It 


* Aided by grants from the United States Public Health Service 


_ and the Sacramento County Heart Association. 


was next cut just above the lower ligature, and its lumen was 
washed with 15 ml. of a 0.9 per cent solution of NaCl. The loop 
of intestine was opened and blotted with filter paper. The 
mucosa was removed with the aid of a blunt scalpel. The 
remainder of the intestinal wall is referred to as serosa. 

Extraction of Lipides—Kach tissue was frozen immediately 
after its removal from the animal, and stored until analyzed. It 
was minced and homogenized, and treated first with 25 volumes 
of a 3:1 alcohol-ether mixture at 60° for 2 hours, and next with 15 
volumes of the same solvent at the same temperature for 1 hour. 
The residue was washed four times, each time with 15-ml. por- 
tions of ethyl ether. The volume of the combined extracts was 
reduced until approximately 50 per cent water was present. The 
aqueous, lipide-containing concentrate was extracted five times, 
each time with 15 to 20 ml. of petroleum ether. 

Separation and Determination of Free and of Esterified Choles- 
terol—A modified Sperry-Webb procedure (9) was used for the 
separation of free and esterified cholesterol in all tissues except 
testis. Both the free and the esterified cholesterol of testis were 
separated by the more precise silicic acid-column method of 
Fillerup and Mead (10), as modified by La Roche (11). The 
values obtained with this method were identical with those 
obtained by the Sperry-Webb method. 

The colorimetric determination of each cholesterol fraction, 
the free and the esterified, as well as the determination of their 
C4 contents, has been described elsewhere (8). 

Typical values for the specific activities of free and ester 
cholesterol in liver, adrenal, and testis are shown in Table I. 
Because of the good agreement in the specific activities of the 
two cholesterol fractions of each tissue at each time interval, all 
calculations dealt with below are based on free cholesterol. 


RESULTS 


The plasma results for these rats have already been reported 
(8). 

In the rats fed the 2.0 per cent cholesterol diet, there were no 
significant increases in the cholesterol contents of plasma, small 
intestine, adrenal, and testis. In the liver, however, the cho- 
lesterol content rose from 2.5 to 25 mg. per gm. The increased 
amounts of cholesterol in the liver were predominantly in the 
esterified form. 

Maximal values for specific activities of all tissues, except the 
testis, were found at the end of 2 weeks in the rats fed the 0.05 
per cent cholesterol diet (Table II). In rats that received the 
2.0 per cent cholesterol diet, maximal incorporation of dietary 
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TABLE I 


Typical values obtained for specific activities of free and 
esterified cholesterol 


| Specific activity of 

| cholesterol | cholesterol 

% | c.p.m./mg. —¢.p.m./mg. 
0.05 3 Liver 1580 = 1550 
0.05 5 Liver 1500 1450 
0.05 6 Adrenal | 1720 | 1820 
0.05 3 Testis 560 580 
0.05 4 Testis 760 750 
2.0 2 Liver 
2.0 4 Liver | 870 840 
2.0 6 Liver 890 | 860 


* The specific activity of the cholesterol in the low cholesterol 
diet was 5500 c.p.m. per mg.; that in the high cholesterol diet, 
1000 ¢.p.m. per mg. 


TABLE II 


Changes with time of feeding tn specific activities of tissue cholesterol 
in rats fed diets containing 0.05 and 2.0 per cent cholesterol 


Specific activities of free cholesterol in 

Choles- 

Small intestine | 

of diet* | Liver Adrenal Testis 

Mucosa | Serosa 
% c.p.m./meg. c.p.m./meg. | c.p.m./meg. c.p.m./mg. | c.p.m./mg. 

0.05 | 2 {1480 + 275 1100 + 1101100 + 2201430 + 110.330 + 55 
0.05 > 3 |1480+ 110 490 + 55 
0.05 | 4 |1650 + 165 
0.05 | 5 |1540 + 165 550 + 110 
0.05 | 6 |1590 + 220 |1040 + 220 1210 + 220)1650 + 55 510 + 110 
2.0 2 | 7302420 | 6504240 710+ 30 | 720+ 20 170+ 20 
2.0 | 3 | 760+ 40 | | . 300 + 40 
2.0 | 4 | 840+ 60 | 330 + 40 
2.0 | 5 | 850+ 30 | | 350 + 30 
2.0 6 | 870+ 20 790 + 80 | 800 + 20 | 170 + 20 370 + 40 


* See footnote Table I. 
+ The figures denote average and standard deviation. 


cholesterol into liver cholesterol occurred at the end of 4 weeks. 
In the case of the testis, maximal values in the experiments with 
both diets were observed at the end of 3 weeks. 

The cholestero] of endogenous origin (Table IIT) was calculated 
as follows: 


100 SA of tissue cholesterol x 100 
SA of dietary cholesterol 


where SA expresses the specific activity of the cholesterol of a 
given tissue. This calculation for the endogenous contribution 
is valid only at equilibrium, 7.e. when maximal values for the 
specific activity of a tissue’s cholesterol have been attained. 


DISCUSSION 


1. Origin of Cholesterol in Terms of Dietary and Endogenous 
Contributions—lIn an earlier study (8), we dealt with the relative 
contribution of diet and synthesis to the cholesterol composi- 
tion of serum in rats fed diets containing 0.05 and 2 per cent 


Origins of Cholesterol in Organs of Rat 


cholesterol. These diets provided each rat, daily, with about 
7.5 and 300 mg., respectively, of cholesterol. In the rats fed 
the low cholesterol diet, the bulk of plasma cholesterol was of 
endogenous origin. When the high cholesterol diet was fed for 
6 weeks, the endogenous contribution to plasma cholesterol did 
not exceed 18 per cent. Table III shows that the composition 
of the cholesterol in small intestine, liver, and adrenal gland also 
responded to the cholesterol content of the diet, the endogenous 


contribution being high when the diet contained little cholesterol, | 
As in the case of ! 
plasma, it was not possible to suppress completely an endogenous © 


and low when the diet was rich in cholesterol. 


contribution to the cholesterol of these three tissues even when 
large amounts of cholesterol were fed for long periods. 

The extent of depression in the endogenous contribution in- 
duced by cholesterol feeding was not so pronounced in the small 
intestine as in the liver. Thus, by the time the 2.0 per cent 
cholesterol diet had been fed for 6 weeks, a maximum of 12 per 
cent (average) of the liver’s cholesterol was of endogenous origin, 
whereas in the mucosa, a maximum of 21 per cent (average) was 
contributed by endogenous sources; the corresponding figure for 
serosa was 20 per cent (Table III). 

Our present findings in the intact animal with respect to 
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dietary and endogenous contributions to liver cholesterol were | 


not unexpected in view of earlier findings with surviving liver 
slices (12-15). But our findings with the small intestine were 
surprising because Gould et al. (6, 13) in experiments with the 
intestinal mucosa of the dog and Cox et al. (15) in experiments 


with monkeys failed to detect a depression in cholesterol syn-— 


thesis from acetate after the feeding of diets rich in cholesterol. 
Among the tissues studied, the testis is unique with respect 
to the origin of its cholesterol. Regardless of whether the diet 


contained 0.05 or 2 per cent cholesterol, testicular cholesterol — 


was found to be largely of endogenous origin; about 90 per cent in 


the case of the low cholesterol diet and about 60 per cent in the — 


experiment with the 2.0 per cent cholesterol diet. 

2. Relation of Tissue Cholesterol to Plasma Cholesterol—so far, 
we have arbitrarily considered the origin of tissue cholesterol 
in terms of dietary and endogenous components. The endog- 
enous component of cholesterol in a given tissue may arise in 


situ from smaller components or it may have been transported © 


to that tissue by plasma. In the discussion that follows we shall 
make two assumptions: (a) that the liver not only processes 
dietary cholesterol but, in addition, is the principal source of the 
synthetic component of plasma cholesterol; and (6) that tissues 


TaBLeE III 
Origin of tissue cholesterol with respect to dietary 
and endogenous sources 
Each value was calculated from averages of separately deter- 
mined measurements in 3 or 4 rats fed the diets for 6 weeks. 
values are given as per cent. 


Contributions to cholesterol of 
Choles- Small intestine 
terol Liver Adrenal Testis 
my Mucosa | Serosa 

Diet | Diet genous Diet ‘genous Diet Piet genous 
0.05 | 29 | 71 | 19 | 81 | 78 | 30 | 70 | 12 88 
2.0 | 88 | 12 | 79 21 | 80 | 20 | 77 | 23 | 37 63 


All | 


] 
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TABLE IV 
Percentages of tissue’s cholesterol derived from plasma and sources in situ 


Each value was calculated from averages of separately determined measurements in 3 or 4 rats fed the diets for 6 weeks. 


“Mucosa cholesterol Serosa cholesterol Adrenal cholesterol Testis cholestero 
ane SAC* liver | SAC mucosa _— derived from: SAC serosa derived from: SAC adrenal derived from: SAC testis derived from: 
ae " SAC serum | SAC serum SAC serum SAC serum SAC serum 

| Plasma | In silu Plasma | Jn situ | Plasma | [n situ Plasma | Im situ 

| 
| % % % % 
0.05 | 96 61 | 61 39 75 75 25 | 98 98 | 2 38 38 62 
2.0 | 102 96 «96 4 94 94 6 | 92 a2 | 8 43 43 57 


* SAC = specific activity of cholesterol (¢.p.m. per mg.). 


other than liver contribute little or no cholesterol to plasma. 
idence in support of these assumptions has come from a variety 
of studies with labeling agents, 7n vivo as well as in vitro (16-20). 

Information on the transport aspect for the four tissues studied 
is provided by the data shown in Table IV. According to 
Hellman et al. (21), plasma cholesterol derived from the diet is 
eventually indistinguishable from that synthesized in the body, 
and for this reason we shall assume no preferential uptake of 
either component by a tissue in transport of plasma cholesterol 
to that tissue. 

The closest agreement in the values for the specific activities 
was observed between those for serum and liver, under all experi- 
mental conditions. These findings are in line with the view that 
liver and plasma may be looked upon as a single entity in so far 
as the metabolism of cholesterol is concerned (22). 

Surviving slices of both the adrenal gland (2) and testis (1) 
are capable of incorporating acetate carbon into cholesterol, but 
such observations provide no information on the origin of the 
glands’ cholesterol in the intact animal. Landon and Greenberg 
(23) expressed the view that cholesterol synthesized in situ is 
not the major source of adrenal gland cholesterol in the intact 
rat, and this view is supported by the data in Table IV. The 
close relation between the specific activities of plasma and adrenal 
gland cholesterol shown there for all groups of rats indicates that 
most of adrenal gland cholesterol is derived from plasma. 

Even though maximal specific activities of testicular choles- 
terol had already been attained at the end of 3 or 4 weeks, the 
feeding of the two cholesterol diets was continued for 6 weeks, 


and the calculations (Table IV) for the contributions in situ 
were based on the results obtained at 6 weeks. The data in 
Table IV show that, regardless of the cholesterol content of the 
diet, most of the cholesterol present in the testis is formed in 
situ. These findings may be explained either by the presence of 
a large, inactive pool of cholesterol in the testis or by a constant 
synthesis of cholesterol in that tissue, which dilutes the incoming 
plasma cholesterol. 


SUMMARY 


1. For periods up to 6 weeks, rats were fed diets containing 
either 0.05 or 2.0 per cent cholesterol labeled with cholesterol-4- 
C'. In these animals the relative contribution of dietary and 
endogenous cholesterol to the composition of the cholesterol in 
liver, mucosa and serosa of the small intestine, adrenal gland, 
and testis was determined. 

2. In the rats fed the low cholesterol diet, endogenous sources 
contributed about 70 to 80 per cent of the cholesterol in liver, 
small intestine, and adrenal gland. In the rats fed the high 
cholesterol diet, the corresponding values ranged from 10 to 30 
per cent. 

3. An endogenous contribution of cholesterol in liver, small 
intestine, and adrenal gland was not completely suppressed by 
the prolonged feeding of very large amounts of cholesterol. 

4. Regardless of the cholesterol content of the diet, most of 
the cholesterol in testis is of endogenous origin. 

5. The relation between plasma and tissue cholesterol is 
discussed. 
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A Pancreatic Proesterase 
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We have observed that the activity of a pancreatic esterase 
described by Hofstee (1) is very low in fresh homogenates of the 
hog pancreas but increases considerably with time; this suggests 
that this esterase might be present in situ as a precursor or pro- 
esterase. There are two other obvious possibilities, however, 
that could explain this phenomenon. First, since three proteo- 
lytic enzymes are now known to exist in the pancreas as zymogens 


(2, 3) and since these enzymes have esterase activity, the increase 


in esterase activity could be due to the gradual conversion of these 
zymogens to active enzymes. Second, a number of investigators, 
including Schneider and Hogeboom (4), Berthet et al. (5), have 
reported that the activity of a number of enzymes in intact liver 
particulates is low and that maximal activity in such prepara- 
tions is attained when the particulate matter is disrupted or un- 
dergoes a disintegration due to unfavorable environment. Thus, 
the activation of the esterase could be due to its release from 
particulate matter undergoing a gradual disintegration. 

Hofstee (1), working with commercial preparations of lipase 
(steapsin, Fisher) from hog pancreas, found two esterases, I and 
II, both of which could hydrolyze the substrate used in the pres- 
ent investigation. Neither of these esterases was identical with 
lipase or cholinesterase. In the following work no attempts were 
made to distinguish between the two esterases. 

This report will present evidence for the existence of a pan- 
creatic proesterase not yet reported in the literature and describe 
some of the properties and factors concerned with the activation 


of this precursor. 


EXPERIMENTAL 


Materials—Hog pancreas was placed on ice immediately after 
evisceration and was processed within 2 or 4 hours after death of 
the animal. Homogenates of this tissue were prepared in water 
and in sucrose solutions, the latter serving as a medium in which 
particulates are kept intact. Water homogenates were prepared 
by blending ground tissue and water in the Waring Blendor for 
3 minutes at maximal speed and at a temperature of 0-2°. Su- 
crose homogenates were prepared according to the procedures 
outlined by Schneider and Hogeboom (6) for the preparation of 
liver cell particulates; the usual precautions for maintaining the 
morphological integrity of particulate matter were observed. 
Unless otherwise stated, the tissue concentrations in both types 
of homogenates were 10 per cent. 

Since there is a rapid spontaneous activation in the pancreas 
tissue, acetone-ether-dried powders were prepared from fresh tis- 
sue. Aqueous extracts of such preparations contained the pro- 
esterase. Fresh pancreas minced in a meat grinder was mixed 


* This work was supported by grants from the Lederle Medical 
Faculty Awards, the United States Public Health Service (A- 
1637), and the Research Corporation. | 


with twice its volume of acetone at —10°, stirred for 2 hours at 
this temperature, and then filtered on a Buchner funnel at 5°. 
This procedure was repeated twice with an acetone-ether mixture 
(1:1) and then once with petroleum ether. The filtered material 
was air-dried and placed in a desiccator in a vacuum. 
o-(n-Heptanoyloxy) benzoic acid, the enzyme substrate, was 
synthesized in this laboratory from valerie acid anhydride and 
o-hydroxybenzoic acid (7). The ester was recrystallized twice 
from petroleum ether, and purity was checked by melting point 
determination, ferric chloride test, and absorption at 300 mu. 

The indole, indoleacetic acid, €-amino-n-caproic acid and 6- 
amino valeric acid used as inhibitors of proteolytic enzymes were 
purchased from California Foundation for Biochemical Research. 
Ovomucoid (which inhibits 0.9 its weight of trypsin) and soy- 
bean inhibitor (crystalline) were obtained from Mann Research 
Laboratories. Diisopropylfluorophosphate was purchased from 
Delta Chemical Works. Crystalline preparations of trypsin, 
chymotrypsin, and carboxypeptidase were obtained from Nutri- 
tional Biochemicals Corporation. 

Assay Method—FKsterase activity was determined according 
to Hofstee (8) with a modified procedure. The assay is based 
on the fact that the ester has no absorption at 300 mu whereas 
the free o-hydroxybenzoic acid liberated by the esterase has a 
specific absorption at this wave length. 


One or 2 ml. of enzyme preparation were placed in a 25-ml. | 


Erlenmeyer flask with 3.0 ml. of 0.4 m tris(hydroxymethy])amino- 
methane buffer at pH 8.5, and enough water was added to make 
a total volume of 9.0 ml. One ml. of a freshly prepared solution 
of the substrate, 0.075 m in 50 per cent ethanol, was added to the 
enzyme buffer mixture which was then placed in a Dubnoff 
shaker at 37°. After 30 and 60 minutes of incubation, 1.0-ml. 
samples of mixture were withdrawn and added to 15 ml. of 4 
per cent trichloroacetic acid and mixed well. After being ad- 
justed to a final volume of 25 ml. with 5 per cent trichloroacetic 
acid the mixture was filtered. Optical density readings of the 
filtrate were made at 300 my in a Beckman spectrophotometer. 
Corrections were made for spontaneous hydrolysis as well as 
for components in added enzyme preparations absorbing at 
300 mu. Activity was expressed as micromoles of ester hydro- 
lyzed in 30 or 60 minutes at 37°. 


At moderate protein concentrations (1 to 2 per cent) the o | 


hydroxybenzoic acid formed is completely recovered in the 
filtrate. Except at high enzyme concentrations the rate of 
hydrolysis was constant for 60 minutes. 


RESULTS AND DISCUSSION 


The basie observation is shown in Fig. 1. 
in homogenates within 2 to 3 hours after death of the animal 


have always been found to be very low and at temperatures of | 
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of the ester substrate used. The above results indicate that the 
activation is not due to lysis of particulate matter nor is the es- 
terase activity due to the presently known proteolytic enzymes 
in pancreas. 
TABLE 
WwW Development of esterase activity in supernatant fractions obtained 
- by centrifugation of fresh pancreatic homogenates 
z The homogenates and supernatant fractions were prepared 
3 within 4 hours after the hog was killed and then were stored at 
0-5°. Aliquots were assayed for esterase activity at 4 and 85 
Oo 
po hours after death. 
\ 
Esterase activity 
W Tissue fraction 
N 4 hrs. 5 hrs. 
> after death |after death 
pumoles 
? 5 hydrolysed/30 min. 
- 1 Homogenate in 0.25 M sucrose................. 0 25.0 
x Supernatant after 512 X g for 10 min..........| 0.3 22.9 
Ww Supernatant after 5,900 X g for 10 min........ 23.5 
WW Supernatant after 60,000 X g for 30 min....... 21.5 
5 Supernatant after 118,000 X g for 30 min...... 21.5 
= 
Homogenate in 0.75 M sucrose................. 1.3 21.8 
= Supernatant after 3,700 X g for 10 min........ 0.5 20.3 
Supernatant after 11,800 X g for 30 min....... 22.0 
8 Supernatant after 118,000 X g for 30 min...... 20.5 
1 
90 40 BO 
HOURS AFTER DEATH | 


Fic. 1. Spontaneous increase of esterase activity in pancreatic 
homogenates at 5° and pH 6.5 to 6.8. O——O, 0.25 M sucrose; 
@-——®@, water. 


0-5° to have risen appreciably within 24 to 48 hours. The rate 
of activation of the esterase is about the same in sucrose and in 
water homogenates, suggesting that activation is not due to 
lysis of particulate matter, since this occurs in water homogenates 
but not in sucrose homogenates. To rule out further the pos- 
sibility that lysis is a cause of the activation, sucrose homogenates 
pr pared in 0.25 m and 0.75 Mm sucrose were fractionated by 
centrifugation within 4 hours after death when esterase activity 
was very low. Gravitational forces known from work with 
liver (6) to sediment nuclei, mitochondria, and microsomes were 
employed, thus all particulate matter subject to lysis during 
storage was excluded. The supernatant solutions were stored 
at 0-5° and assayed 4 and 85 hours after death. Table I shows 
that these supernatants aged at 0-5° for 85 hours attained activ- 
ities approximating those of the homogenate. 

In similar experiments sediments as well as supernatant solu- 
tions were collected before activation had occurred and then 
stored at 0-3° for 75 hours. Full activity was attained in all 
supernatants and only trace activity in sediments. 

Several proteolytic enzymes, trypsin, chymotrypsin, and 
carboxypeptidase, are known to exist as zymogens in the pan- 


creas. These enzymes have esterase activity (2, 3), hence the 4 ence 6 8 ; 10 


observed activity might be due to the gradual conversion of these H 

zymogens to active enzymes. Crystalline preparations of the ti 
ation. Supernatant solution from 

above enzymes, which were found to be fully active when checked water homogenates of 1-day-old tissue was incubated for 72 hours, 

with substrates usually used for their determination, in concen- at 0°, and at various pH values and then was assayed at pH 8.5 

trations of 1 to 5 mg./10 ml. produced no detectable hydrolysis as described in text. 
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The effect of pH, temperature, and neutral salts on the spon- 
taneous activation of supernatant solutions (1 hour at 20,000 x 
g) from aqueous homogenates of fresh tissue was studied. In 
these solutions the rate of spontaneous activation has always 
been greatest at pH 5.0 to 5.5 (Fig. 2). Since these are crude 
extracts the effect may well be the cumulative result of several 
factors affecting activation as well as inactivation. At 37° there 
is a rapid activation with maximal activity being attained within 
4 to 6 hours; at 0°, however, the time required to reach full 
activity may be as long as 100 hours. 
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Fic. 3. Effect of ionic strength on the spontaneous activation. 
NaCl was added to fresh supernatant solution which was then 
stored at 5° and pH 7.0 for 6 days before being assayed for esterase 
activity. 


TaBLeE II 
Effect of cupric ion on spontaneous activation of esterase* 
Esterase 
activity 


'umoles hydro- 
lysed/30 min. 


Supernatant + cupric acetate, stored 4 days........ 
Supernatant + cupric acetate, stored 4 days then di- 


alyzed against 0.1 mM glycine and water............. | 16.5 
Supernatant stored 4 days, then cupric acetate added. . 16.9 


* Supernatant solutions (1 hour at 20,000 X g) from an aqueous 
homogenate obtained within 4 hours after death. Samples were 
kept at 0-5° and at pH 6.0. Cupric acetate concentration, 0.037 
M. 


TaBLeE III 

Effect of some proteolytic inhibitors on extracts of active esterase 

Aqueous extracts (phosphate buffer, pH 7.0, '/2 = 0.1) were 
prepared from acetone-ether-dried pancreas powder by centrifu- 
gation from a suspension equivalent to 10 per cent of the original 
tissue. The esterase was activated by incubation at 37° for 5 
hours. Four ml. of inhibitor were then added to 2 ml. of extract. 
Incubation at 25° for 15 minutes (pH 7.0). The whole mixture 
was then assayed for esterase activity. 


Inhibitor Concentration* Inhibitiont 
e-Amino-n-caproate............... 0.01 M 0 
6-Aminovalerate.................. 0.01 M 0 
Soybean inhibitor................. 0.001% 50 
Diisopropylfluorophosphate....... 1X 10-*M 50 


* Concentration of inhibitor in final assay mixture (10 ml.). 
+ Per cent inhibition based on 60-minute assay and a control. 
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Fia. 4. Effect of trypsin and ovomucoid on activation of the 
esterase. 
were prepared from the acetone-ether-dried powder by centrifuga- 


tion from a suspension equivalent to 20 per cent of the original © 


tissue. Extracts were incubated at 37° with equal volume of 


agents in the phosphate buffer. 


trypsin, 0.5 mg. per ml.; @——@, ovomucoid, 0.5 mg. per ml. 
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Aqueous extracts (phosphate buffer, pH 7.0, T/2 = 0.1) | 


2-ml. samples were withdrawn at 
various time intervals and assayed. ©——®©, control; O——O, | 
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Dilution of supernatant solutions has consistently enhanced 
the activation. Initially this effect was considered to be the 
result of the dissociation of an enzyme-inhibitor complex. How- 
ever, attempts to reverse the activation were unsuccessful. 
Since high ionic strengths, which in general decrease interaction 
of proteins, might cause dissociation of an enzyme-inhibitor 
complex and hence accelerate the activation, the effect of neutral 
salts on activation was determined. However, on the contrary, 
neutral salts have in all cases inhibited the activation. Typical 
is the effect of NaCl, seen in Fig. 3. The presence of NaCl in 
the sample interferes only slightly with the assay. Dialysis of 
preparations which contained salts results in activation at normal 
rates. 

The cations of copper, mercury, and silver inhibit the spon- 
taneous activation; the effect of cupric ion is particularly striking 
and is shown in Table II. Cupric ion depresses the activation, 
but after dialysis against the chelating agent, glycine, the activa- 
tion is normal. Once fully active, the esterase is not affected by 
cupric ion under the conditions of this assay. 

The fact that NaCl and other neutral salts inhibit activation 
suggests that an interaction is a prerequisite for the activation, 
i.e. the activation is enzyme-catalyzed. The pronounced effect 
of pH and temperature noted above also supports this. Cupric 
ion is known (9) to inhibit trypsin reversibly. Thus the facts that 
cupric acetate inhibits the activation and that after chelation 
and dialysis the activation proceeds normally suggest that this 
enzyme may be responsible for the spontaneous activation of 
the esterase. This contention is supported by the effects of 
trypsin on the activation, as described below. 

Table III lists the effect of some proteolytic enzyme inhibitors 
on crude preparations of the active esterase. Indoleacetate, a 
carboxypeptidase A inhibitor (10), e-aminocaproate and 6- 
amino-n-valerate, both inhibitors of carboxypeptidase B (3), 
have only slight or no effect on esterase activity. Indole, a 
chymotrypsin inhibitor (11), as well as the trypsin inhibitors, 
ovomucoid and soybean inhibitor, at the high concentrations 
used cause appreciable inhibition. Diisopropylfluorophosphate 
inhibits the esterase 50 per cent at a concentration of 1 K 10-4 M. 
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The effect of trypsin on activation and of the trypsin inhibitor, 
ovomucoid, on the spontaneous activation was studied with 
aqueous extracts from acetone-ether-dried preparations of pan- 
creas (Fig. 4). Addition of trypsin has always accelerated the 
activation, whereas the natural trypsin inhibitor, ovomucoid, 
depressed the spontaneous activation of extracts. Although 
ovomucoid in high concentrations can inhibit the active esterase 
(Table III), the concentrations used in this experiment are well 
below those causing 50 per cent inhibition and have no effect or 
only slight effect on the esterase activity. 

The work to date does not allow any conclusions as to the 
nature of the esterase and its precursor. The esterase may be a 
proteolytic enzyme which has not yet been characterized. A\- 
though the crystalline enzymes from the pancreas, trypsin, 
chymotrypsin, and carboxypeptidase, do not hydrolyze the sub- 
strate used, these enzymes are of bovine origin. It is possible, 
of course, that the proteolytic enzymes from the hog pancreas 
have different specificity towards substrate and _ inhibitor. 
Whether the precursor is a true zymogen or an enzyme-inhibitor 
complex cannot be determined with present crude preparations. 
Answers to these questions must await further purification of the 
active enzyme as well as the precursor. This work is presently 
in progress. 


SUMMARY 


An esterase has been shown to exist as a precursor in hog pan- 
creas. Activation of the precursor is not due to lysis of particu- 
late matter, nor can the activity of the active esterase be ascribed 
to any of the proteolytic enzymes known to be present in pancreas 
as zymogens. 

The ‘spontaneous activation in homogenates and their extracts 
appears to be enzymatically controlled. It is markedly depend- 
ent upon temperature, ionic strength, and pH with an optimum 
between 5and 6. The addition of trypsin accelerates the activa- 
tion. Cupric ion and ovomucoid, which are inhibitors of trypsin, 
inhibit the spontaneous activation. | 
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There is good evidence that the process of contraction occurs 
by a common mechanism in a wide variety of living systems. 
In muscle, the chemical energy appears to be supplied through 
the hydrolysis of adenosine triphosphate and the mechanical 
work is performed by the muscle proteins actin and myosin in 
some sort of combination (2-5). Evidence for an intermediate 
between adenosine triphosphate and the muscle proteins has, 
however, been lacking and the nature of the actin-myosin inter- 
action has remained obscure. This work reports the discovery 
of an O'*-exchange reaction during the hydrolysis of adenosine 
triphosphate by purified muscle proteins which was used to 
indicate the presence of such an intermediate and to provide 
some clarification of the actin-myosin interaction. 

Previous attempts to obtain evidence for a phosphorylated 
intermediate had given negative results. Experiments with O'8 
have established (6, 7) that if any covalent intermediate were 
formed it would have to be a phosphorylated protein, but ex- 
change experiments involving ADP® and ATP and _ purified 
proteins failed to establish its existence (7-9). A suggestive 
O'8 exchange was observed with lobster muscle slices (6) but the 
complexity of this system did not allow a conclusion that the 
exchange was caused by the proteins involved in contraction. 
Moreover, experiments with purified myosin under conditions 
of maximal activity, 2.e. Ca**+ activation and pH 9, failed to show 
any exchange (7). Since the physiological conditions necessary 
for muscular contraction are, however, quite different from the 
optimal conditions in vitro for myosin hydrolysis the myosin 
experiments were repeated with Mg*+ ion and pH 7 instead of 
Ca++ and pH 9. The inorganic phosphate produced with both 
myosin and superprecipitating actomyosin had an O} content 
which indicated a marked exchange of oxygen in the process of 
hydrolysis. Further study of this exchange has established (a) 
that it does not occur with the initial reactant ATP or the final 
product, PO,, but at some intermediate stage in the hydrolysis 
and (b) that the decrease in O% exchange on going from myosin 
to actomyosin cannot be explained by the presence of an impurity 
unreactive with actin but can be explained by the assumption 
that actin reduces the lifetime of the exchanging intermediate. 
The evidence and its relation to muscular contraction is discussed 
below. 


EXPERIMENTAL 


Materials—ATP was obtained from the Pabst Brewing Com- 
pany. H,O' was obtained from the Stuart Oxygen Company 
and the Weizmann Institute. 


* A preliminary account of this work has been published (1). 
Work supported by the United States Atomic Energy Commission. 


L-Myosin was prepared from rabbit muscle by a modification 
of the method of Kessler and Spicer (10). The solutions of 
myosin in 0.6 M KCl obtained by this method were centrifuged 
at 54,000 x g for 1 to 2 hours at 0° before each reprecipitation 
in order to remove particulate matter and lipides which cause 
turbidity. The final preparations gave clear solutions of the 
protein in 0.6 Mm KCl. 

F-actin was prepared from acetone-dried rabbit muscle prep- 
arations by the method of Barany et al. (11, 12). 

Actomyosin was extracted from rabbit muscle with Weber- 
Edsall solution and purified by reprecipitation essentially by the 
method of Szent-Gyorgyi (2). For some experiments reconsti- 
tuted actomyosin was prepared by mixing equal volumes of 
L-mvyosin (1 to 2 per cent solution, 0.6 mM KCl) and F-actin (1 to 
2 per cent solution, 0.6 m KCl) at 0° and precipitating the acto- 
myosin gel by dilution of this mixture to 0.1 Mm KCl. This 
synthetic gel underwent superprecipitation during the hydrolysis 
of ATP. 

Hydrolysis of AT P in H-O’—In a typical experiment, 5 ml. of 
H.O* (10.5 atom per cent excess) was mixed with 20 ml. of a 
reaction solution made up to 0.025 m MgCl., 0.125 m Tris! buffer, 
and 0.012 m ATP, at pH 7.3. This solution was added to 25 ml. 
of a suspension containing 15 ml. of actomyosin gel. The mix- 
ture (50 ml.) was allowed to react at room temperature for 90 
minutes with periodic shaking. During the course of the reac- 
tion the flocculent opalescent gel of actomyosin formed into a 
compact white precipitate. At the end of this time, when 
hydrolysis was 95 per cent complete, a sample was taken for 
the determination of O'8 content in the medium. The reaction 
mixture was centrifuged and the superprecipitated actomyosin 
was discarded. The supernatant solution was chilled in an ice 
bath, and 3.5 gm. of solid trichloroacetic acid were added. The 
solution was allowed to stand in the cold for 10 minutes during 
which time a very light precipitate formed. This was centrifuged 
off and discarded. A gm. of charcoal (Norit A) was added to 
the supernatant liquid to adsorb nucleotides and the mixture 
was allowed to stand at room temperature for 10 minutes with 
mechanical stirring. The charcoal mixture was filtered, the 


~ 


filtrate was treated with 1 gm. of charcoal, and the mixture was — 


allowed to stand for 30 minutes. After filtering again, the clear 
filtrate was adjusted to pH 8 by addition of solid KOH. A 
flocculent precipitate of magnesium phosphate began to form. 
A 10 per cent excess of BaBr» (in 0.05 m solution) was added and 


the barium and magnesium phosphates were allowed to precipi 
tate overnight in the cold. The mixed salt was separated by | 


1 The abbreviations used are: Tris, tris(hydroxymethy]) amino- 


methane; Pj, inorganic phosphate. 
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centrifugation and dissolved in 15 ml. of 0.05 n HCl. The 
slightly acid solution was treated batchwise with two 1-gm. 
portions of Dowex 50 in the hydrogen form. Then, the solution, 
free from divalent cations, was adjusted under nitrogen to pH 
7.3 with a CO>-free solution of 1 Mm KOH. Excess BaBrz (0.05 
m) was added to the basic phosphate solution and a white crystal- 
line precipitate of Ba3s(PO,)2 formed. The barium salt was 
reprecipitated once and then dried at 100° under vacuum with 
phosphorus pentoxide. The dried sample was stored in a 
vacuum desiccator over Drierite. 

In the experiments with L-myosin a solution of myosin in 0.6 
m KCl was used in place of actomyosin gel. The final volume 
of the reaction solution was adjusted to give a final concentration 
of 0.1 m KCl. Under these conditions myosin usually exhibited 
a slight colloidal turbidity. 

In those experiments in which a large volume of actomyosin 
gel was used the protein was washed a number of times with 
water containing about 1 atom per cent excess of O" in order to 
conserve the more concentrated H.O”®. This gel was then mixed 
with reaction solution containing sufficient concentrated O”% 
to give a final atom per cent excess of about 0.7. 

In some runs, at the end of hydrolysis the reaction solution 
was taken to dryness by distillation at low temperature in a 
flash evaporator. The H.O" distillate was collected and saved. 
The residue was taken up in water and treated as described above. 

Determination of O8 in Unhydrolyzed ATP—For determining 
the incorporation of O' into unhydrolyzed ATP the reaction was 
stopped at exactly 50 per cent hydrolysis and the nucleotides 
were adsorbed on Norit A following the procedure of Crane and 
Lipmann (13). The charcoal was washed repeatedly with 0.05 
n HCl to remove P;. The Norit A containing adsorbed nucleo- 
tide was heated in 1 N HCl for 10 minutes to hydrolyze ADP 
and ATP. The mixture was then filtered and the supernatant 
liquid was treated in the same manner as a reaction solution 
for the isolation of Ba3(PO,4)2. The O content of this phosphate 
was corrected for dilution by the phosphate of ADP and the 
second phosphate of ATP which would not be expected to con- 
tain any excess of heavy isotope. The value obtained in this 
way was compared to a control value for P;. ATP hydrolysis 
was followed by determining P; in the presence of ATP with the 
isobutanol extraction method (6). 

Analysis of O8-labeled Phosphate—The Ba3(PO,)2 was reduced 
with carbon to form CO by the method of Cohn and Drysdale 
(14), and the CO was analyzed for O*8 in the mass spectrometer. 
The O88 content of the medium was obtained by equilibrating 
a sample of the reaction mixture with CO: and determining the 
O* content of this CO2 in the mass spectrometer. 


RESULTS 


Demonstration of Exchange Reaction—The results of experi- 
ments in which P; produced by hydrolysis of unlabeled ATP in 
H.O'8 was analyzed for O*8 are summarized in Tables I and II. 
It is immediately apparent that the Mg*++-catalyzed reaction 
produces P; with a number of O'8 atoms in excess of the single 
one to be expected on simple hydrolysis of the terminal bond. 
A repetition of the previously used conditions (7), t.e. Ca*+* and 
pH 9 (Table I, Experiment 5) corroborated the lack of exchange, 
and established that the change in conditions and not the nature 
of the muscle preparation was responsible for the appearance of 
an exchange reaction. Moreover, changing the pH from 7 to 9 
with Mg++ present (Experiments 3 and 4, Table I) established 
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TABLE I 


O'8 content of inorganic phosphate produced 
by myosin-catalyzed hydrolysis of ATP 
Conditions: 0.05 mM tris(hydroxymethy])aminomethane, 0.01 m 
Ca** or Mg**, 0.1m KCI,5 X 10°?mM ATP. Extent of hydrolysis 
greater than 50 per cent in all cases. 


| content of P; | 
| | | 
| f OW le- 
\Medium) Pi per | 
molecule*; duced by 
exchange* 
1 7.3 Mg** 0.78 | 0.530, 2.72 1.72 0.85 
2 7.3 | Mg*+ | 0.99 | 0.761! 3.08 | 2.08 | 1.16 
3 7.3 | Mgt* 1.00 | 0.609 2.44) 1.44 0.63 
4 9.0 | Mg** 0.77 | 0.563; 2.92 | 1.92 | 1.01 
5 9.0 Catt 0.170 0.88  O 


* Values are equal to 4 times the atom per cent excess of O}8 in 
the phosphate oxygen divided by the atom per cent excess of O78 
in the medium. 

+ A rough measure of the amount of exchange is obtained from 
the number of O'8 atoms introduced by exchange, 7.e. the number 
minus 1 atom introduced by hydrolytic cleavage. A more re- 
fined calculation of the exchange which corrects for the O'8 al- 
ready present, and so on (see text) is obtained from the k,t value. 


TABLE II 
O'8 content of inorganic phosphate produced by 
actomyosin-catalyzed hydrolysis of ATP 
Conditions: 0.05 M tris(hydroxymethyl)aminomethane, pH 7.3; 
0.01 m MgCl.; 0.005 m ATP. Enzyme gel added was 0.4 mM in KCI; 
superprecipitation occurred during each reaction; extent of hy- 
drolysis greater than 50 per cent in all cases. 


| content of Pj | 
Number 
N 
Experiment enzyme change 
ge | ato le- | t 
mole- | intro- | 
cule* duced | 
by ex- | 
change | 
mil. | 
1, Isolated actomyosin... 400 | .73 | .37 2.08 | 1.08 | 0.36 
2, Isolated actomyosin..; 100 .79 39 | 1.76 | 0.76 | 0.30 
3, Isolated actomyosin... 15 1.03 .51 | 2.00) 1.00 | 0.41 
4, Reconstituted acto- | 
7 | .98| .51 | 2.08 | 1.08 | 0.44 
5, Reconstituted acto- | | | | 
| 14 | .96! .52 | 2.16 | 1.16 | 0.49 
6, Reconstituted acto- | | | | | 
98 | 1.88 | 0.88 0.35 


* See footnotes of Table I for explanation of columns. 


that it was the metal ion and not the pH which was the deter- 
mining factor. 

In Table II it is seen that an exchange reaction is also present 
in the case of actomyosin, either prepared by isolation from 
rabbit muscle or by reconstitution from purified myosin and 
actin. 
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While an estimate of the amount of exchange can be obtained 
from the number of O8 atoms introduced by exchange, it is 
desirable to obtain a more quantitative picture in order to 
evaluate whether, for example, the rate has been doubled or 
tripled by a given change. It is clear that a given absolute 
increase in O'8 content is quite different quantitatively when it 
oceurs with phosphate containing no O¥ atoms, than with phos- 
phate which contains a considerable proportion of O atoms. 
Moreover, such a calculation reveals the added usefulness and 
limitations of the present data. Accordingly some derivations 
for O8 exchange reactions are presented in the following section. 

Calculations of Exchange and O* Content—Assuming there is a 
continuous exchange reaction with a rate constant k. for the 
turnover of a single oxygen atom, the rate of change in the rela- 
tive atom per cent excess, X, will be given by Equation 1 where 
t is the time during which exchange is taking place. The relative 
atom per cent excess, X, is defined as the observed atom per 
cent excess divided by the atom per cent excess of the medium. 


dX | (1) 


This can be integrated to give the expression in Equation 2 in 
which X, is 
X = (1 — X,)e*e! (2) 


the initial and X the final relative atom per cent excess. (A 
figure for the number of discrete cycles can be obtained directly 
from k.t but these derivations have not been included since the 
principles involved in discrete cycles versus continuous exchange 
have already been discussed by Cohn and Drysdale (14).) 

With this equation it is possible to consider three generalized 
situations which might arise in the interpretation of the data 
shown in the tables. These are (a) the exchange may occur 
before hydrolysis of the ATP bond, followed by hydrolysis, (6) 
an enzyme-PO; intermediate, which exchanges, is formed fol- 
lowed by hydrolysis of the intermediate, and (c) hydrolysis to 
P; may occur first, followed by exchange between this P; and 
the oxygen of the medium. For cases (a) and (6) the O¥ con- 
tent (X’) of the intermediate at the instant before hydrolysis 
will be given by the expression of Equation 3 and the O content 
subsequent to hydrolysis (X) 


X’ = 1 — e*et (3) 


will be given by Equation 4. 
X = 0.75 X’ + 0.25 (4) 


For case (c), the initial O'8 content of the P; will be X’ = 0.25 
and the final O'§ content will be given by Equation 5 


X = 1 — (1 — 0.25)e*et (5) 


Combination of Equations 3 and 4 and simplification of Equation 
5 gives Equation 6 in both cases. | 


(1 — NX)/0.75 (6) 


e ket = 


This equation is of particular value in interpreting the results 
of the isotopic experiments. In the first place the fact that all 
three alternatives lead to the same equation means that the 
amount of exchange as expressed by k,t can be calculated without 
requiring any assumptions about the sequence of events in 
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regard to exchange and hydrolysis. It also means, of course, 
that the time dependence of X in the final product will not by 
itself demonstrate in which order the events take place. 

In the second place since the amount of exchange is seen to be 
a product of &, and ¢ it is clear that an increase in the O"8 content 
of the P; could result either from an increase in the rate of ex- 
change, or from an extended time during which the exchange is 
taking place. 

Amount of Exchange During Hydrolysis—With the kinetic 
equations derived above the amount of exchange can be evaluated 
quantitatively from the isotopic composition of P;. It is readily 
seen that the number of O'* atoms introduced into the phosphate 
molecule by exchange is a fairly consistent quantity and is 
characteristic of the particular protein preparation. Thus, 
myosin gives a P; molecule with about 2.7 of its oxygen atoms 
derived from the medium whereas actomyosin gives a figure of 


about 2.0. When quantitative calculation of the amount of | 


exchange is made with Equation 6 the values of k.¢ shown in 
Tables I and II are obtained. The k.¢ values show a slightly 


larger variation than the number of O* atoms (because the | 


amount introduced by hydrolysis, 1 atom, has been subtracted) 
but the same qualitative conclusions regarding purification, Mg*+ 
and so on, are clearly indicated. Moreover, the quantitative 
comparison of relative amounts of exchange show that acto- 
myosin (average value for kt equals 0.4) causes approximately 
one-half the exchange of myosin (average value for k.¢ equals 
0.9). There is considerable fluctuation in these values, particu- 
larly in the myosin preparations, and the reason for this fluctua- 
tion is not entirely clear. Some of it is caused by the error in 
OQ’ analysis but a major share must result from slight differences 
in the protein preparations or, perhaps, in the Mg++ concentra- 
tion. Despite the individual fluctuations it is clear that the 
exchange rate for actomyosin is less than that of myosin and 
that changes in protein concentration do not affect the exchange 
beyond the experimental error. 


Moreover, actomyosin recon- 


stituted from purified myosin and actin catalyzes essentially the | 


same exchange as does actomyosin isolated directly from the | 


muscle by the conventional purification procedures. Purifica- 
tion after the first reprecipitation does not significantly alter 
the exchange rate. In all the actomyosin experiments super- 
precipitation occurred as a concomitant of ATP hydrolysis. 

Identification of Exchanging Step—The previous results show 
clearly that an exchange occurs during the course of hydrolysis 
but do not indicate whether it occurs with ATP, P; or an inter- 
mediate. 

P; was eliminated by experiments 4 and 5 of Table III. Myo- 
sin with P; in H,O showed no O" incorporation in excess of the 
usual blank. If any exchange occurs it is small. To insure that 
the process of hydrolysis does not change the protein, some 
unlabeled ATP was added to a solution of myosin and unlabeled 
P; (Experiment 5, Table III). The amount of exchange ob- 


served agreed with the value to be expected if all the P; produced — 


by hydrolysis of ATP had a normal k,¢ of 0.88 and the initially 
added P; did not exchange at all (kt = 0). 
To test whether exchange with unhydrolyzed ATP was occur- 


ring the reaction was stopped at 50 per cent hydrolysis (Experi- | 


ment 2, Table III). The unhydrolyzed ATP was isolated and 
found to contain only a very small amount (0.02 atom per cent 


excess O}8), 
indicates a small, but possibly real, incorporation into the original 


This amount is not much larger than the blank and | 
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TABLE III 
0'8 contents of phosphate compounds on hydrolysis of ATP in H.O# 
Conditions: 0.05 m tris (hydroxymethyl) aminomethane; 0.01 m 
MgCl, 0.1 m KCl, 0.005 m phosphate compounds unless stated 
otherwise, pH 7.3. 


Phos- 
Ex- h Phosph O1s Am 
Protein Hy content — a 
ment Pound | added of ATP of a. exchange 
No. ana- initially medium cule kel 
d 
of P;* 
1 | Actin ATP | ATP Nonef| 1.44 | 0.016; None 
2 | Myosin ATP | ATP 50 | 1.00 | 0.072) None 
3 | Actin + my- |} P; ATP 90 1.02 | 2.76 | 0.89 
osin added 
after dilu- 
tiont | 
4 | Myosin P; P; 0.76 | 0.04 | None 
5 | Myosin P; ATP +! 90 | 0.78 | 2.68§ 0.83§ 
Pi§ 
6 | Myosin P; ATP +, 90 | 0.79 | 2.48 | 0.67 
ADP 


* See footnote of Table I for explanation of column. 

t+ Incubated for 5 hours without detectable reaction before 
assaying ATP. 

¢t Under these conditions superprecipitation does not occur on 
addition of ATP. 

§ 0.0025 m P; added. O'8 content and exchange calculated for 
phosphate produced by ATP hydrolysis, t.e. calculation assumed 
no exchange occurs with initially added Pj. 


ATP. Obviously there is no rapid exchange reaction with 
freely dissociable ATP. 

Since neither the reactant, ATP, nor the product, P;, undergo 
exchange in the presence of the muscle proteins it is clear that 
some intermediate must. 

Evidence Against Impurity—The evidence that an intermediate 
during the hydrolysis of ATP is exchanging phosphate oxygen 
does not ipso facto prove that the intermediate is related to 
muscular contraction. Exchange reactions have been observed 
in other systems (14-16) and myosin is known to adsorb other 
proteins (17). It was possible, therefore, that an ATPase 
unrelated to muscle action was present and responsible for the 
exchange reaction. Evidence against this possibility , was ob- 
tained in several ways. 

In the first place purification did not result in an appreciable 
change in the amount of exchange. Actomyosin precipitated 
one, two, and four times gave essentially identical exchange 
rates (Experiments 1, 2, and 3, Table II). Myosin in lobster 
muscle gave an atom per cent excess which was within experi- 
mental error of the myosin in highly purified preparations ((2-5) 
and Table I). Even more convincing, actomyosin prepared 
by isolation of the natural material gave an exchange equal to 
that of actomyosin reconstituted from purified actin and myosin 
(Table II). The purifications of actin and myosin are different 
from the purification of actomyosin. Hence an impurity which 
fortuitously happened to follow one procedure would scarcely 
be expected to follow in the other. 

Further evidence against an impurity is obtained by correlating 
the data of Fig. 1 with the exchange data. In Fig. 1 the rates 
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of hydrolysis of actin, myosin, and reconstituted actomyosin 
are shown for solutions containing 0.01 m Mgtt, 0.005 m ATP, 
and 0.1 m KCl. It is seen that the rate of hydrolysis by acto- 
myosin is much higher than that by myosin, e.g. at least 17 
times more ATP is hydrolyzed in 20 minutes by actomyosin 
than by myosin. Actin gives no appreciable hydrolysis under 
these conditions. The actomyosin is ‘‘reconstituted” by mixing 
equal volumes (e.g. 20 ml.) of actin and myosin, each in 0.6 m 
KCl, and precipitating the two proteins together by diluting 
to 0.10 m KCl. On centrifugation the volume of resulting gel 
was equal to that of either starting protein, 7.e. 20 ml. in this 
case. Equal volumes of protein are used to obtain the rate 
curves shown in the figure. Thus, if all the myosin is recovered 
in this procedure, the addition of actin to the myosin has in- 
creased its rate of hydrolysis by a factor of at least 17. If some 
myosin is lost, the rate has been increased by an even larger 
factor. 

It is clear, then, that if an impurity unreactive with actin is 
present in the myosin and is responsible for the exchange occur- 
ring during myosin-catalyzed hydrolysis, the amount of exchange 
corresponding to a given extent of hydrolysis should decrease by 
a factor of 17 or more on addition of purified actin. When this 
experiment was performed (Experiment 2, Table I; Experiment 
6, Table II; and Experiment 1, Table III), it showed that the 
amount of exchange does decrease (factor of 2 to 3) on addition 
of actin but by far less than would be predicted by the change 
in rate of hydrolysis. To establish the certainty of this conclu- 
sion, the reconstituted actomyosin was prepared from the same 
actin and myosin preparations used in the O8 experiments. It 
should be also mentioned that these results indicate that actin 


300 


200 


MOLES OF ATP HYDROLYZED 


100+ 


.e) 20 40 60 80 100 120 
TIME IN MINUTES 

Fig. 1. Rates of hydrolysis of ATP by muscle proteins. @—@, 
actomyosin (7 ml. of gel); O——O, myosin (7 ml. of 1 to 2 per cent 
solution); am, actin (7 ml. of 1 to 2 per cent solution); total vol- 
ume 42 ml.; 0.01 m MgClo, 0.1 m KCI, 0.005 m ATP, pH 7.3. 
Actin (20 ml. of a 1 to 2 per cent solution) was mixed with myosin 
(20 ml. of 1 to 2 per cent solution) to form 20 ml. of actomyosin 

gel on dilution to 0.1 m KCl. 
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influences the rate of formation of the intermediate as well as 
its rate of decomposition. Otherwise the O exchange would 
decrease in exact proportion to the increase in rate of hydrolysis. 
This influence of actin is not unexpected in view of its known 
effects on the properties of myosin, e.g. solubility, metal ion 
dependence, and so on. 

Although these results show that the O'8 exchange reaction 
cannot be caused by an impurity which does not react with 
actin, it might be said that the solubility properties and O#- 
exchanging properties of the impurity are affected by actin in 
the same way as is myosin. While this possibility cannot be 
unequivocally excluded by these data, it should be emphasized 
that such a hypothesis brings into serious question which is the 
‘Impurity,’ myosin or the associated enzyme. In fact, if it is 
assumed that the Mg-ATPase of myosin is an impurity and the 
Ca-ATPase is the “true” myosin activity the fact that contrac- 
tion is accelerated by magnesium would indicate that the im- 
purity is more directly related to muscular contraction than the 
true activity. The extensive correlation of myosin and acto- 
myosin properties with muscular contraction and the failure to 
separate ATPase activity from myosin make these alternatives 
highly improbable and indicate that the actin-related ATP 
exchange reaction is a function of myosin itself. 


DISCUSSION 


The results of the O% experiments establish (a) that an ex- 
change reaction with H,O occurs during the hydrolysis of ATP 
by purified actomyosin and by purified myosin, (6) that this 
exchange occurs at an intermediate stage in hydrolysis, 7.e. it 
does not occur with freely dissociable P; or ATP, (c) that the 
exchange is less with actomyosin than with myosin, and, (d) 
that the exchange is not caused by an impurity in the myosin. 

A mechanism which accounts for these results is shown in 
Equations 11 to 15. In these equations the actomyosin complex 
existing before reaction is symbolized by placing actin and myosin 
in brackets. This is done to emphasize that the two proteins 
are intimately associated by means of noncovalent interactions. 
The dash in the structures myosin—PO; and myosin—actin is 
used to represent the formation of a covalent bond. 


4 ATP 4 ADP (11) 


actin actin 


actin __ [myosin—actin] + H;PO, (12) 
<— Lactin 


[mvosin—actin] + H.O (13) 


+ H;PO, (14) 


actin — Lactin 


actin <— Lactin 


In the first step a phosphorylated protein is formed in the myosin 
part of the actomyosin complex (Equation 11). This phosphate 
can then be displaced by actin to form a covalent actin-myosin 
intermediate (Equation 12). This would be the contracted 
state of the fiber. The actin-myosin bond then hydrolyzes to 
regenerate the actin and myosin (Equation 13). This would be 
the relaxation step. The phosphorylated intermediate would 
have some alternatives. It can react with water to give P; and 
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myosin (Equation 14). It can also exchange oxygen with the 
oxygen of the medium (Equation 15). 

The scheme explains the results obtained. Thus, the decrease 
in the O8 exchange on addition of actin is caused by the greater 
relative velocity of the actin reaction (Equation 12) as compared 
to the water reaction (Equation 14). The lack of exchange or 
contraction with calcium can be explained by increased velocity 
of the water reaction (Equation 14) as compared to the contrac- 
tion (Equation 12) or the exchange (Equation 15). With mag- 
nesium the water reaction is less effective than in the case of 
calcium and the actin reaction and exchange reaction are facili- 
tated. 

To emphasize the fundamental features of the mechanism 
which are the covalent bond changes, the above equations do not 
include the adsorption of reactants and products to the various 
proteins. Their omission is to add clarity and should not be 
taken to imply that such Michaelis-Menten type complexes are 
absent in the reactions. For example, specificity studies, which 
will be reported subsequently, have shown that the extent of 
O' exchange depends on the nucleotide. This means that the 
adsorbed nucleotide influences Reactions 12, 14, and 15. Also, 
it is known that ATP concentration has an important influence 
on relaxation. Hence Reaction 13 must involve important 
noncovalent interactions as well as the covalent one depicted. 

In considering the above mechanism two immediate questions 
arise. The first is that the isotopic data of Ulbrecht and U1- 
brecht (8) and Ulbrecht et al. (9) have been interpreted (8, 9, 19) 
to indicate an actin-PO; intermediate whereas the above scheme 
places the phosphorylated bond in the myosin portion of the 
molecule. Their conclusion is based on an observed ADP®-ATP 
exchange with natural actomyosin or with an isolated fibril 
which retains its exchange capacity as myosin is leached from 
the system. However, no such exchange was observed with 
actin alone or reconstituted actomyosin. The lack of exchange 
might be explained by assuming that the actin in reconstituted 
actomvosin is not in the proper conformation. Since the O*% 
data reported here lead to quite different conclusions, a careful 
evaluation of this important work was necessary. 

The above explanation for the exchange with natural as com- 
pared to reconstituted actomyosin in essence postulates that 
synthetic actomyosin is fundamentally different from the isolated 
material. All existing evidence, however, indicates that the 
preparations are fundamentally the same. Both shorten to the 
same extent and both develop tension although somewhat less 
tension is developed in the synthetic fibril (2-5). The O* values 
reported here add further evidence for the similarity of natural 
and synthesized actomyosin. In view of the reported (8, 9) 
value of 13 to 20 for the ratio of ADP® exchange to hydrolysis 
for isolated actomyosin, it seems highly improbable that the 
reconstituted actomyosin would fail to show any significant 
ADP® exchange if this exchange were related to superprecipita- 
tion. 

A more reasonable explanation would seem to be that an 
impurity catalyzing ADP®-ATP exchange is present in the 
isolated actomyosin and the fibrils prepared by Ulbrecht and 
Ulbrecht. 
removed by the different isolation procedure required to obtain 


reconstituted actomyosin or if it failed to be removed by the | 
Ulbrecht and Ulbrecht performed careful | 
control experiments to exclude known enzymes but the tenacious- _ 


leaching process. 


ness of the protein adsorption and the fact that an increasing 


It would be not at all surprising if this impurity were, 
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number of enzymes are being found to be capable of performing 
this exchange leaves the presence of an unknown impurity as the 
most probable reason for the ADP® exchange in the isolated 
fibril. 

The second question then arises. If an ADP®-ATP exchange 
has not been observed, does this exclude an E-PO 3 intermediate? 
The answer is no. The failure to observe such an exchange 
merely imposes certain limits upon the relative values of two of 
the rate constants. If the experimental error is very low and the 
standard free energy AF°® for the reaction is fairly small it may 
be possible to exclude certain mechanisms (20, 21). However, 
in the case of ATP hydrolysis AF® has such a large negative 
value that a fast forward rate for Equations 12 and 14 is in no 
way incompatible with a slow reverse rate for equation 11. 
Therefore, to obtain an O* exchange without observing an ADP® 
exchange requires only that the KPO;-H.O" exchange occur 
rapidly with respect to the reversal of Equation 11, an easily 
satisfied condition. 

Finally, the question arises whether the mechanism of Equa- 
tions 11 to 15 is unique. Clearly it is not. A tightly adsorbed 
ATP-myosin intermediate could satisfy the kinetics. Secondly, 
the data establish that actin decreases the O exchange of the 
intermediate but the actin might, for example, affect the myosin 
conformation in such a way that myosin itself attacks the inter- 
mediate myosin-PO;. While alternatives exist, they apparently 
involve more complications and require more compromises with 
either organic theory or protein chemistry than the mechanism 
outlined. This mechanism, therefore, represents the best work- 
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ing hypothesis which accounts for the existing facts rather than 
an as yet definitively established sequence of events. 


SUMMARY 


1. The presence of an oxygen exchange reaction during the 
hydrolysis of adenosine triphosphate by actomyosin undergoing 
contraction has been demonstrated. 

2. The exchange also occurs with myosin in the presence of 
Mg++ but does not occur with actin or with myosin in the pres- 
ence of Catt. 

3. The exchange does not occur with inorganic phosphate or 
with dissociable adenosine triphosphate, and hence it must occur 
at some intermediate stage in the hydrolysis. 

4. The amount of exchange is approximately the same for 
isolated as for reconstituted actomyosin and in both cases is 
approximately one-half the rate for myosin under the same 
conditions. 

5. A mechanism which is consistent with these facts is that 
adenosine triphosphate reacts with myosin to give a phosphoryl- 
myosin intermediate capable of exchanging oxygen with the 
medium. A group on the actin then attacks the phosphorylated 
myosin to give a covalent actin-myosin bond, the state of con- 
tracted muscle. Finally, in the relaxation process the actin- 
myosin bond can hydrolyze to give the original reactants. 
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The recent finding (1, 2) that part of the enolase molecule can 
be removed by digestion with leucine aminopeptidase or carboxy- 
peptidase without change in enzymic activity has prompted a 
detailed study of the relation between structure and activity in 
this enzyme. As a basis for such investigations it is necessary to 
have a knowledge of the principal features.of enolase structure; 
the amino acid composition, the number of peptide chains, and 
the cross linkages, ifany. Inthe present communication, we will 
report on the quantitative amino acid composition, the number 
of peptide chains, and the NH,-terminal sequence. The deter- 
mination of the COOH-terminal end group has been described 
elsewhere (2). 

The amino acid composition of enolase shows a number of 
special features. The molecule, which consists of a single peptide 
chain, contains neither disulfide bridges nor free thiol groups. 
Information in the present paper, in conjunction with earlier 
data, leads to the suggestion that histidine is involved in the 
folding of the peptide chain. 


EXPERIMENTAL 


Materials and Methods—The yeast enolase used for amino acid 
analysis was pure enolase a prepared by ion exchange chroma- 
tography and zone electrophoresis as described previously (3). 
Enolase purified in this way contains some rather strongly ad- 
sorbed free amino acids but these can be removed by precipita- 
tion with trichloroacetic acid. Before analysis, the sample of 
enzyme was dissolved in water, precipitated with 10 per cent 
(final concentration) trichloroacetic acid, washed three times 
with 10 per cent trichloroacetic acid, three times with 60 per cent 
ethanol, twice with absolute ethanol, twice with acetone, and 
three times with ether; the sample was then allowed to dry in air. 

Zone electrophoresis was not included in the purification of the 
enzyme used for end-group determinations. Thus, the samples 
contained a mixture of enolase a and b (3); these two forms have 
been shown qualitatively not to differ with respect to end groups 
(1, 2). Free amino acids were removed in the same way as for 
amino acid analysis. 

Samples for amino acid analysis were hydrolyzed for 20 and 70 
hours at 110° by the technique described in previous reports from 
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this laboratory (4, 5). Protein concentration (about 1 mg. per 
ml.) was determined by duplicate micro-Kjeldahl analyses, on 
the basis of a N content of 17.3 per cent (6, 7). The analyses 
were performed on 1-ml. samples by a modification (5) of the 
ion exchange technique of Moore et al. (8). Tryptophan was 
determined on an unhydrolyzed sample of enolase a by the 
method of Spies (9). For the determination of cystine, a sample 
of enolase a was oxidized with performic acid (10), the oxidized 
product was hydrolyzed and cysteic acid determined by the 
chromatographic procedure (8). 

The NH,-terminal residue of enolase was determined by the 
1 ,2,4-fluorodinitrobenzene method (11), essentially as described 
by Thompson (12). In most cases, 20 mg. (0.3 umole) of enolase 
were used for quantitative determinations. After hydrolysis of 
the DNP! enolase, the ether-extractable components were chro- 
matographed on Celite columns (12), and the DNP derivatives 
were determined quantitatively in the Beckman model DU 
spectrophotometer. Identification of the fractions was confirmed 
by paper chromatography (11). To test for the possible occur- 
rence of bis-DNP-histidine or DNP-arginine, the aqueous phase, 
after extraction with ether, was examined by combined electro- 
phoresis and chromatography in the system of Ingram (13). 
The destruction of DNP-alanine was determined by carrying 
out a hydrolysis of DNP-enolase with added DNP-alanine (0.5 
umole per pmole of DNP-enolase). 

To determine the NH.-terminal sequence, and to check on the 
possible occurrence of DNP-proline or DNP-glycine, which are 
largely destroyed by the hydrolytic procedure used, a partial 
hydrolysis of DNP-enolase was performed in 12 nN HCl at 37° 
for 6 days. The hydrolysate was extracted with ethyl acetate, 
and the DNP-derivatives separated by chromatography (12). 
DNP-peptides were hydrolyzed (6 Nn HCl, 105°, 20 hours), the 
hydrolysates extracted with ether, and the two phases taken to 
dryness. Both the DNP-amino acids (ether phase) and the free 
amino acids (aqueous phase) were identified by paper chroma- 
tography (11). 


RESULTS 


Amino Acid Analysis—Typical elution curves from the amino 
acid analyses with long and short columns obtained with a 
sample of enolase hydrolyzed for 20 hours are shown in Fig. 1. 
The analytical results are summarized in Table I. Except when 
otherwise indicated, the values given for the hydrolysates ob- 
tained after 20 hours and 70 hours represent the averages of 


1 The abbreviation used is: DNP, 2,4-dinitrophenyl. 
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Fic. 1. Elution curves from the chromatographic analysis of a 
20-hour hydrolysate (1 ml. containing 1.11 mg. of protein) of yeast 
enolase on a sulfonated polystyrene resin. The ninhydrin color 
yields have been corrected for base-line colors but not for the 
different amino acid color yields. The color produced by proline 
was read at 440 mu, and that produced by the other amino acids 
at 570 my in a Coleman junior spectrophotometer. 
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duplicate or triplicate determinations. In cases where destruction 
occurred (threonine, serine, and tyrosine), and in the case of 
ammonia, a correction has been applied by extrapolation to zero 
time of hydrolysis, as described earlier (4, 5). In some instances, 
an increase in the amino acid was found with longer hydrolysis 
time. In these cases only, the average values for the 70-hour 
hydrolysate have been used. Although hydrolysis was _per- 
formed at 110° the data in Table I suggest that it was incomplete 
at 20 hours. 

Since no cystine was detected in the hydrolysates and since 
the methionine content appeared to account for all of the sulfur 
of enolase, large quantities of hydrolysates of oxidized enolase 
(equivalent to 14 mg. or 0.22 umole of enolase) were examined on 
the 150-cm. column. The level at which these analyses were 
conducted would have permitted the detection of as little as 0.2 
mole of cysteic acid per mole of enolase. There was no detectable 
cysteic acid in the elution patterns. Furthermore, 8 moles of 
methionine sulfone per mole of enolase were found. This is in 
agreement with the methionine content of the unoxidized protein. 

NH.-Terminal Residue—The only DNP-amino acid present 
in stoichiometric amounts in the ether extract of the hydrolysate 
of DNP-enolase was DNP-alanine, as shown in Table II. The 
values are based on a molecular weight of 67,000 for enolase (14). 
The actual recovery of DNP-alanine was 0.68 + 0.02 mole 
(average of 3 determinations) but this value has not been cor- 
rected for the breakdown of DNP-alanine during hydrolysis of 
the DNP-protein. This was found to be 28 per cent in an 
experiment with DN P-alanine added to the DN P-enzyme during 
hydrolysis, giving the corrected value of 0.95 mole of DNP- 
alanine per mole of enzyme (Table II). For DNP-serine and 


TABLE I 
Amino acid composition of enolase 


The values given for the 20- and 70-hour hydrolysates represent average values of duplicate or triplicate analyses. 
The molecular weight value used for calculating the number of residues was estimated from 


is expressed as the average deviation. 
an average for the amino acid content. 


The variation 


Amino acid residue/100 gm. of protein Amino acid per a 
of total N residues for mol. 
20-hour hydrolysates 70-hour hydrolysates |‘Average or extrapolated value “protein wt. = 67,225 
gm. gm. gm. gm 
Aspartic acid........... 12.84 + 0.31 | 13.68 + 0.26 13.26 + 0.29 15.33 9.32 77.4 
Threonine............ 4.60 + 0.34 | 4.41 + 0.15 4.67 + 0.25* 5.50 3.74 31.1 
6.49+0.09 5.44 + 0.03 6.91 + 0.06* 8.34 6.43 53.4 
Glutamie acid.......... 9.57 + 0.23 | 9.72 + 0.71 9.65 + 0.47 10.99 6.05 50.2 
Ce go une 2.72 + 0.59 2.67 + 0.40 2.70 + 0.49 3.20 2.25 18.7 
4.92 + 0.04 | 4.44 + 0.02 4.68 + 0.24 6.15 6.63 55.1 
i pai 9.58 + 0.23 | 9.12 + 0.08 9.35 + 0.23 11.72 10.65 88.4 
6.52 + 0.49 | 6.94 + 0.18 6.94 + 0.18T 8.20 5.67 47.1 
Methionine............. 1.68 + 0.18 | 1.46 + 0.00 1.57 + 0.11 1.79 0.97 8.0 
4.43+0.23 £4.89 + 0.39 4.89 + 0.39T 5.67 3.50 29.1 
Re Pe 10.00 + 0.27 10.10 + 0.16 10.05 + 0.22 11.65 7.19 09.7 
3.01 + 0.12 | 3.08 + 0.09 3.66 + 0.10* 4.06 1.81 15.1 
Phenylalanine.......... 5.26 + 0.48 5.03 + 0.14 5.15 + 0.12 5.78 2.83 23.5 
10.40 + 0.08 9 .96f 10.18 + 0.13 11.61 12.86 03.4 
re 2.83f 2.76f 2.80 + 0.04 3.17 4.96 13.7 
Ammonia (NH)»)........ 1.39 + 0.00 1.55f 1.33 + 0.00*: § 1.41$ 6.71 55.8§ 
Tryptephan........... 1.46 + 0.05 1.60 1.27 5.3 
102.1 + 3.59 119.42 101.50 647.2 


* Extrapolated value. + 70-hour value only. 


t Single determination. 


§ Omitted from the total. 
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TaBLeE II 
DNP-amino acids in ether extract of hydrolysate of DN P-enolase 


_ DNP-amino acid per mole of enolase 


DNP-amino acid identified | mol. wt. 67, 
moles 


TaB_LeE IIT 
DNP-derivatives isolated from partial hydrolysate of DN P-enolase 


Solvent used and R value in chroma- 


tography on Celite (12) Composition Yield 
moles/mole 
of enolase 
Ethyl acetate, pH 4; R = 0.24... DNP-Ala(Gly,Val, 0.48 
e-DNP-Lys) 
Chloroform, pH 6.5; R = 0.14... DNP-Ala(Gly) 0.14 
Chloroform, pH 6.5; R = 0.02.... DNP-Ala 0.35 


DNP-valine the destruction factors given by Levy (11) were 
used. In addition to the components listed in Table II, varying 
amounts of free dinitrophenol and dinitroaniline were found. 

The aqueous phase contained ¢~-DNP-lysine but not bis-DNP- 
histidine or DNP-arginine (these DNP derivatives are not ex- 
tracted with ether). Neither DNP-proline nor DNP-glycine 
was found in the partial hydrolysate. It is evident from these 
experiments that the only NH»-terminal residue found in stoichio- 
metric amount is alanine. 

From the partial hydrolysate of DN P-enolase, DNP-alanine, 
and two DNP-peptides could be isolated, as shown in Table ITT. 
The decreased yield of DNP-alanine, which instead is found in 
peptides, is further evidence that this occurs as an N H.-terminal 
residue. 


DISCUSSION 


The finding of 0.95 mole of alanine as NH.-terminal residue 
in enolase indicates that the enzyme consists of a single peptide 
chain. The small amounts of serine and valine also found may 
be due to contamination but can also arise from the cleavage of 
peptide bonds during the coupling with 1,2,4-fluorodinitro- 
benzene (12). The presence of one NH ,-terminal residue of 
alanine has been confirmed with the Edman method (2). In 
addition, only leucine is present as a COOH-terminal residue (2). 
From the peptides found in the partial hydrolysate, the following 
NH,-terminal sequence may be deduced: Ala.Gly. (Val, Lys). 

The number of peptide chains in enzymes has only been de- 
termined in a few instances, but in the majority of cases a single 
chain appears to be present (15). Since enolase of a molecular 
weight of 67,000 consists of a single chain, it obviously cannot 
dissociate reversibly into four units of 17,000, as reported by 
Biicher (14), and, indeed, Biicher himself (16) has recently re- 
tracted this claim. 

The weight and nitrogen recoveries shown in Table I indicate 
that within the limits of the analyses (100 + 3 per cent) enolase 
is composed entirely of the amino acids listed and does not con- 
tain unknown constituents. This conclusion is further sup- 
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TABLE IV 
Ionic groups of enolase from analysis 

Anionic groups No. | Cationic groups | No. 
Aspartic acid............ 77 | Arginine 18 
Glutamic acid............ 50 | Lysine 53 
Terminal carboxyl....... 1 | Histidine 14 
128 | Terminal a-amino 1 

Amide groups*........... — 56 
Total anionic groups...| 72 Total cationic groups| 86 


* Estimated from analyses for ammonia in hydrolysates. 


ported by the fact that no hexosamines are seen in the chroma- 
tograms (Fig. 1) and that the protein contains no phosphorus 
(6). The slightly high weight and nitrogen recoveries may be 
due to a high estimate for glycine and alanine (Table I). The 
yield of these two amino acids decreased during prolonged hy- 
drolysis but the average of the 20 and 70 hour values has been 
used to calculate the glycine and alanine content of the protein. 

The previous report (1) that enolase contains no proline is 
obviously incorrect and was due to the difficulty in detecting 
small amounts of proline with ninhydrin. The most striking 
feature in the amino acid composition is the absence of detect- 
able amounts of cysteine or cystine. Since this is rather un- 
usual, it provides a good test of the purity of enolase prepara- 
tions. In agreement with the absence of cysteine and cystine, 
the methionine content of eight residues accounts for all eight 
sulfur atoms found in enolase (6, 14). 

The complete absence of disulfide bridges in enolase raises the 
question of the nature of the tertiary structure of this enzyme. 
It appears that some information about this may be obtained by 
considering the electrochemical properties of the protein in con- 
junction with the number and nature of ionic groups, as sum- 
marized in Table IV. 

The isoelectric point of enolase is 5.5 (17). As pointed out 
by Smith and Stockell (4), a molecule with this isoelectric point 
would be expected to contain an equal number of basic and acidic 
groups. However, as seen in Table IV, there is instead an ap- 
parent excess of 14 basic groups. The isoelectric point would, 
thus, be expected to be considerably higher.2- Apparently some 
of the ionic groups must be present in an unreactive form or 
have very anomalous dissociation constants. It is known (19) 
that the charge of enolase at pH 7 is only about —1 and that 
this only increases to about —2 at pH 8.4. However, in in- 
creasing the pH from 5.5 to 8.4 one would expect all histidine 
residues to lose their protons and, thus, create a net charge of 
at least —14 (see Table I). It appears, therefore, that 12 
histidine residues have not taken up protons at pH 5.5. A 
possible explanation is that the imidazole nitrogens are strongly 
bonded, perhaps in hydrogen bonds, e.g. with hydroxyl groups 
from tyrosine. This question is being investigated at present 
by studies of titration curves, spectra, and groups reactive with 
1 ,2,4-fluorodinitrobenzene in the native and denatured protein. 

2 The amide estimation given in Table IV is that calculated 


from the extrapolated value for recovery of ammonia (Table I). 
It is recognized that this value may be less precise than that ob- 


tained by a determination of ammonia recovery after mild acid | 


hydrolysis. However, in the study of two other proteins in this 


laboratory (4, 18) amide NH; recovery estimated by the two meth- 


ods gave similar results. 
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It is tempting to assume that the two reactive histidine residues 
are the ones believed to form part of the active site of enolase 
(19, 20). If much histidine is found among the approximately 
150 amino acids that can be removed by exopeptidase digestion 
without loss of activity (2), this may offer a way of locating the 
active site in the enzyme molecule. However, among the first 
60 amino acids liberated by leucine aminopeptidase there is less 
than one histidine.’ 


SUMMARY 


A quantitative determination of the NH.-terminal residues of 
yeast enolase has been made. The molecule consists of a single 
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peptide chain having alanine as the NH.-terminal amino acid. 
The amino-terminal sequence is Ala.Gly. (Val, Lys). 

The amino acid composition of the enzyme has been deter- 
mined. The amino acids found account quantitatively for the 
weight and nitrogen content of the protein, which thus appears 
to contain no unknown constituents. The enzyme contains most 
common amino acids but is free of both cysteine and cystine. 
Despite its acidic isoelectric point, the protein contains more 
basic than acidic groups. Evidence is discussed indicating that 
a number of the histidine residues are made unreactive by par- 
taking in hydrogen bond formation, thus stabilizing the tertiary 
structure. 
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Pancreatic ribonuclease was originally isolated by Kunitz from 
beef pancreas, and crystallized by the application of classical 
salt fractionation (1). The protein was subsequently isolated in 
a highly purified form by Hirs et al. (2) by column chroma- 
tography on IRC-50 (XE-64), a carboxyl type of ion exchange 
resin, as well as by Martin and Porter (3) who used a partition 
system on kieselguhr columns. A major and a minor component 
separate on the columns and both exhibit similar specific enzyme 
activity. 

The present communication is concerned with the isolation of 
components from sheep pancreas having ribonuclease activity. 
Cellulose ion exchange column chromatography has been em- 
ployed for the study of extracts of sheep pancreas, and a series 
of enzymatically active fractions has been observed. Com- 
mercial, bovine, crystalline ribonuclease has also been similarly 
examined. Two minor components can be demonstrated in this 
material in addition to the two bovine ribonucleases, “A” and 
“B,”’ reported by Hirs et al. (2) and by Martin and Porter (3). 


EXPERIMENTAL 


Pancreas tissue, obtained from sheep as soon as possible after 
the animals had been slaughtered, was frozen in a cold room at 
—20° and maintained at this temperature until needed for ex- 
perimental use. Cellulose ion exchangers were prepared ac- 
cording to the procedures of Peterson and Sober (4). Columns 
of these materials were prepared and equilibrated as described 
by them (5) and were operated at 4° in the cold room. For the 
experiments requiring IRC-50 (XE-64) the resin was pretreated 
as described by Hirs et al. (2). Crystalline bovine ribonuclease 
was obtained from Armour and Company (Lot No. 381-059). 

Deionization of the various ribonucieases was carried out by 
percolation of aqueous solutions through mixed bed columns of 
30 to 50 mesh Dowex 50 and Nalcite SAR-10. Equal amounts 
of the two resins, in their H+ and OH~ forms, respectively, were 
mixed and made into small, 5 X 40-mm. columns. The dialyzed 
and lyophilized ribonucleases were separately dissolved in de- 
ionized water which had been glass-distilled twice, and each was 
slowly passed through a column. The effluent liquid was col- 
lected, under nitrogen, as soon as the pH of the effluent became 
basic. This effluent was again passed through a second, identical 


* A partial summary of these studies was presented at the ap- 
nual meeting of the American Chemical Society, New York, Sen- 
tember, 1957. 

+ Present address, Kemiska Institutionen, Karolinska Insti- 
tutet, Stockholm, Sweden. 


column, and the pH of the second effluent was determined. 
These final solutions were lyophilized and dried to constant 
weight over P,O; at 90° in a vacuum for use in the determination 
of titration curves. 

Ribonuclease activities (6) were determined as previously de- 
scribed, with aliquots of a size chosen to yield degrees of hydroly- 
sis falling within the proportional region of the calibration curves. 
Except in the case of the major components (sheep ribonucleases 
II and III and beef ribonucleases “‘A” and “B”) of which dry 
weights were determined, relative protein concentrations were 
determined by the measurement of extinction at 280 my in the 
Beckman DU spectrophotometer. Solutions of bovine ribo- 
nucleases A and B, and of ovine ribonucleases II and III, con- 
taining 1 mg. per ml., give an extinction (l-cm. light path) of 
approximately 0.67. 

Sedimentation constants were determined in the Spinco model 
E analytical ultracentrifuge on 1 per cent solutions in 0.1 
phosphate buffer at pH 6.95. Since most of the protein prepara- 
tions were available in small amounts only, no attempt has been 
made to correct for the concentration dependence of the sedi- 
mentation constant of each preparation, and the values reported 
below are for 1 per cent solutions. However, the values ob- 
tained are very similar to those previously found for beef ribo- 
nuclease at this concentration and indicate a close similarity be- 
tween the pancreatic ribonucleases from the two species in respect 
to sedimentation characteristics. 


RESULTS 


— 


Preliminary Steps in Isolation—The starting material in the 


present studies was frozen pancreas, whereas Hirs et al. (2) 
ground the frozen tissue and lyophilized the comminuted ma- 
terial for storage at —20°. Because of its water content, the 
frozen ground tissue was extracted with ice-cold 0.375 n H.SO, 
(1.5 1. per kg. of tissue) rather than with 0.25 n H.SO, as in the 
published procedure for lyophilized pancreas. After 15 minutes 
of stirring in the cold room, the mixture was passed through 
cheesecloth and centrifuged in the cold to remove the bulk of the 
fat and solids. The partially clarified solution (approximately 
pH 2.2) was adjusted to pH 5.8 with 1 m NaOH and recentrifuged. 
The supernatant fluid was then immediately subjected to am- 
monium sulfate fractionation, and the fraction precipitating be- 


tween 53 and 84 per cent of saturation (at 5°) was collected in | 


the centrifuge. The over-all time required to this point was 
about 4 hours. This fraction, containing all but a few per cent 
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0.01M pH 6.0—|——0.1M pH7.5 (Gradient elution) 


Fic. 1. Ion exchange chromatography of an ammonium sul- 
fate fraction of ovine pancreas on a CM-cellulose column. The 
preparation and development of the column is as described in the 
text. It is to be noted that no scale is given on the ordinate for 
enzyme activities. Such a scale has been deliberately omitted 
since the main function of the preparative chromatographic runs 
was the separation of various active components in the extract 
and the determination of the approximate effluent volume for 
each peak. Enzyme activities were determined as described in 
Table I. The same size of sample was taken for assay from each 
of the fractions throughout the run. ——, optical density read- 
ings at 280 my; ------- , enzyme activities. 


of the ribonuclease activity of the original extract, was dialyzed! 
against distilled water and lyophilized. In most experiments the 
lyophilized powder was approximately 35 per cent ribonuclease. 

Chromatography on Carboxymethyl-Cellulose—Preliminary chro- 
matographic experiments with the use of IRC-50 at pH 6.4 ac- 
cording to Hirs et al. (2) indicated the presence of several active 
components in the lyophilized, partially purified material de- 
scribed above. However, these components were not cleanly 
separated on such columns under our conditions, and subsequent 
studies were carried out on the cellulose anion and cation ex- 
change columns of Peterson and Sober (4). A typical chroma- 
tographic run on CM-cellulose (4) is summarized in Fig. 1. 
Columns of the dimensions indicated may be loaded with a 
solution of 300 to 500 mg. of the dialyzed and lyophilized am- 
monium sulfate fraction. The columns are first washed with 
0.01 um sodium phosphate buffer at pH 6.0 until in equilibrium, 
as judged by the pH of the effluent liquid. The protein prepara- 
tion, dissolved in a minimal volume of the buffer, is applied to 
the column and is followed by more of the same buffer until the 
material emerging near the solvent front has been washed 
through, as shown in the figure. Gradient elution is then begun, 
with the use of 250-ml. constant volume mixing chamber filled 
with the 0.01 m buffer, into which is admitted 0.1 mM phosphate 
buffer at pH 7.5. The rate of flow through the columns was 20 
ml. per hour. Four active zones emerge as the pH and salt 
concentration gradually increase. In the following discussion 
these are termed sheep ribonuclease fractions I, II, III, and IV 
in the order of their emergence from the column. The active 
material which emerges near the front represents approximately 


1 Dialysis was carried out in Visking cellophane tubing which 
had been rendered more impermeable by heating at 85° for 72 
hours. We wish to thank Dr. Donald Kupke for telling us about 
this procedure. 
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10 per cent of the total activity of the material originally applied 
to the column. This active material, when passed through a 
second CM-cellulose column under the same conditions, again 
appears in the earliest tubes, indicating a fundamentally different 
chromatographic behavior from that of the material which is 
adsorbed by CM-cellulose. 

To purify fractions I through IV further, the contents of the 
tubes corresponding to each component were pooled, dialyzed, 
lyophilized, and rerun through CM-cellulose columns under 
conditions identical to those employed in the first run. Each 
main component appeared at the same position observed in 
the preliminary separation. The rechromatography, which per- 
mitted the removal of remnants of the trailing and leading 
components from the previous run, was continued (two runs 
usually sufficed, although 5 to 7 were required for component I) 
until the elution patterns were symmetrical and showed constant 
specific ribonuclease activities in successive chromatographic 
experiments. A typical purification is shown in Fig. 2 for ribo- 
nuclease III. Small amounts of ribonuclease II have been 
separated from the major component during purification, and it 
can be seen by comparison with Fig. 1 that both components 
emerge from the column at approximately the same effluent 
volume as in the original preparative chromatography. 

All four components showed the same specific activity, which 
appeared to be slightly higher (approximately 5 per cent) than 
that given by the commercial bovine enzyme. This difference 
may not be significant, however, in the light of the various errors 
inherent in the calculation of dry weights from ultraviolet ab- 
sorption data. The activity results, together with values for 
sedimentation constants (so, 1 per cent protein), are sum- 
marized in Table I. 

Anion Exchange Chromatography on DEA E-cellulose—The con- 
tents of several peak tubes from the active fraction which was 
weakly absorbed on CM-cellulose columns were pooled, dialyzed 
against distilled water, lyophilized, and applied in a minimal 
volume of 0.005 m sodium phosphate buffer, pH 7.0, to DEAE- 
cellulose (4) columns which had been equilibrated with the same 
buffer. Two active fractions emerged as separate peaks during 
development of the column with this buffer (Fig. 3). Two other 
active peaks could be obtained by gradient elution involving use 


10.0 | | CM- Cellulose 
© 7.5 | 24 2.5em, 
(Gradient elution) 

8.0 — | 
> | | 
= 6.0 rr 
| 
Qa 40— | 
| 
a 

0 250 500 750 


mi. EFFLUENT 
Fic. 2. The purification of sheep ribonuclease III on a column 
of the cation exchanger, CM-cellulose. ——, optical density 
readings at 280 my; ------- , enzyme activities (see legend for 
Fig. 1). 
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of a constant volume 250-ml. mixing chamber and the introduc- 
tion of 0.05 Mm monosodium phosphate. These latter components 
were very minor ones and appear, in Fig. 3, as a small peak at 
an effluent volume of 130 ml. and an almost imperceptible en- 


TaBLe I 
Some properties of bovine and ovine pancreatic ribonucleases 


Fraction X 10'3* | Tsoionic point 

Beef, Peak A | 1.85 6.00 9.65 
Beef, Peak B 9.23 
Sheep I | 1.80 6.25 9.00 
Sheep II | 2.02 6.30 8.95 
Sheep III | 1.64 6.30 8.87 
Sheep IV | 1.52 6.26 | 8.98 
Sheep V | 1.67 6.25 
Sheep VI | (1.30) 6.28 
Sheep VII | 6.3 

6.3 


Sheep VIII | 


* Single determinations at 1 per cent protein concentration. 

+t Aliquots of enzyme solutions (previously diluted to be within 
the proportional range) were assayed as described earlier (6). 
The extinction values at 260 mu were multiplied by the proper 
dilution factor. These corrected values were divided by the ex- 
tinctions of the undiluted enzyme solutions at 280 my to give the 
‘specific enzyme activities’? listed in Column 3 of the table. 
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zyme activity at an effluent volume of 180 ml. When larger 
aliquots were used for the enzyme assays, these two components 
were quite definite peaks. When the materials corresponding to 
these two latter components were pooled from several DEAE- 
cellulose runs and rerun on smaller columns, they emerged as 
well defined peaks at approximately the same relative effluent 
volumes as in the larger, preparative runs. Table I includes the 
information available to date on all of the active fractions. 
Treatment of Ribonucleases with IRC-50—Whereas sheep ribo- 
nucleases I through IV retained their characteristic behavior on 
CM-cellulose columns after first being passed through IRC-50 
columns, the chromatographic properties of the material that 
was rapidly eluted from CM-cellulose were markedly changed by 
passage through IRC-50. This change in chromatographic be- 
havior is illustrated schematically in Fig. 4. In this series of 
experiments a 200-mg. aliquot of the 53 to 84 per cent ammonium 
sulfate fraction was applied to a 2 X 17-cm. column of CM- 
cellulose and equilibrated with 0.02 m sodium phosphate buffer 
at pH 6.0, and the column was developed with the same buffer. 
(As described above, this eluent does not elute ribonucleases [| 
through IV). The contents of the peak tubes, containing the 
highest activity, were pooled, dialyzed against distilled water, 
and lyophilized, and the protein was applied to a 1 xX 20-cm. 
column of IRC-50 in a small volume of 0.2 m phosphate buffer 
at pH 6.20. Upon moderately rapid development of the column 
with this buffer, all the activity emerged as a single peak at a 


= 


OPTICAL DENSITY AT 280 mu 


DEAE - Cellulose 
13.5 X 2.5 cm 


1.0 oad 
i! 
| 
= | p and 
; 
O 100 200 mi. effluent 
0.005M 0.05M 


pH 70. H5PO, 


— (Gradient elution) 


Fic. 3. Chromatography on the anion exchanger, DEAE-cellulose, of that fraction of partially purified ovine ribonuclease which 


is only very slightly adsorbed by CM-cellulose columns (e.g. the first peak emerging from the column described in Fig. 1). 
The aliquots taken for the assay of enzyme activities were one-tenth the size of those 


cal density at 280 muy; - - -, enzyme activities. 
analyzed in the experiments shown in Fig. 1 and Fig. 2. 
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effluent volume approximately that to be expected for ribo- 
nucleases I to IV under the same conditions. After dialysis 
and lyophilization, the protein in this peak was applied toa 1 xX 
17-em. CM-cellulose column which had been equilibrated with 
0.02 m phosphate buffer at pH 6.0. When the weakly adsorbed 
material, possessing only traces of ribonuclease activity, had 
emerged, gradient elution was begun, with the use of a 50-ml. 
constant volume mixing chamber into which was fed 0.1 M 
phosphate buffer at pH 7.5. Such elution yielded the two peaks 
shown at the right of the figure, at positions, under these condi- 
tions, corresponding to ribonucleases II] and III. Ribonuclease 
I and IV were not detected in this experiment, presumably, be- 
cause of the rather narrow fraction chosen from the original, 
preparative run. 

In later experiments, in which all of the protein which passed 
through CM-cellulose was taken for IRC-50 treatment and re- 
chromatography on CM-cellulose, a fraction was observed which 
corresponded to ribonuclease I in addition to the two components 
shown in Fig. 4. No component corresponding to ribonuclease 
IV has been observed in such experiments. Our inability to 
demonstrate the presence of this component may be due to the 
absence of significant amounts of its precursor in the starting 
material. However, even though four components may be dis- 
tinguished on DEAE-cellulose columns, it cannot be stated, on 
the basis of available data, whether each of these specifically 
corresponds to one of ribonucleases I through IV. The amounts 
of fractions V to VIII available to us up to the present time have 
not been sufficient to permit us to carry out careful individual 
treatment with IRC-50 of purified samples of V, VI, VII, and 
VIII, with subsequent CM-cellulose chromatography. The ob- 
servations described above, however, make it seem very likely 
that at least three, and possibly all four major components of 
ovine pancreatic ribonuclease (I to IV) are present, to the ex- 
tent of about 10 per cent, in strong enough combination with a 
foreign material to permit them to pass through CM-cellulose 
columns without rupture of the complex. The ability of IRC-50 
to destroy such complexes must, then, reflect a greater affinity 
of this resin for the basic ribonuclease protein. It is hoped that 
further experiments on each of the anomalous ribonucleases will 
give some insight into the chemical nature of the complexes and 
will permit the unequivocal determination of the relationship be- 
tween these substances and ribonucleases I to LV. 

Chromatography of Extracts of Single Pancreases on CM- 
Cellulose—Since the chromatographic experiments described 
above were carried out on material isolated from the pooled tis- 
sue of a large number of sheep, several experiments were per- 
formed on extracts of individual pancreases to determine whether 
or not the presence of so many active components was due to 
variation from animal to animal. In these studies crude H.SO, 
extracts of the pancreas tissue were adjusted to pH 5.8 and ap- 
plied directly to the CM-cellulose columns without preliminary 
salt fractionation. Since such extracts were extremely crude 
ones, the active peaks were not separated from contaminating 
inactive protein material. Nevertheless, the usual five enzy- 
matically active peaks were detected by enzyme assay, one 
emerging near the front and the others corresponding roughly to 
ribonucleases I to IV, and in the same relative amounts (7.e. 
II > If > IV > 1). These results indicate that the multi- 
plicity of ribonucleases observed in the large scale studies is 
indeed a characteristic of sheep pancreas tissue and not due to 
individual variation from animal to animal. It is also extremely 
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TUBES | ON CMCELLULOSE 


0.02 MpH 60 


002M | O1MpH75 
pH 6.0 | (Gradient elution) 


Fic. 4. A schematic representation of the change in chromato- 
graphie properties, induced by treatment with IRC-50, of that 
fraction of partially purified ovine pancreatic ribonuclease which 
passes through CM-cellulose columns. -——, protein concentra- 
tion as measured by ultraviolet absorption readings at 280 my; 
----- , ribonuclease activity. Although the curves shown in this 
figure are plotted directly from experimental data, it should be 
pointed out that there is no quantitative correspondence between 
the protein concentrations and enzyme activities in the left and 
right parts of the figure. Passage of the original fraction through 
IRC-50 entails some losses in handling. Further, only a narrow 
fraction of the original enzymatically active peak at the left of 
the figure was taken for subsequent passage through IRC-50 and 
rechromatography on CM-cellulose. 


unlikely that the various ribonucleases were produced during the 
preliminary steps of isolation since the same chromatographic 
patterns were obtained when pancreas was extracted with acetate 
buffer at pH 5.0 rather than with dilute sulfurie acid. 

Chromatography of Bovine Pancreatic Ribonuclease—Crystalline 
ribonuclease (Armour) from beef pancreas was subjected to CM- 
cellulose chromatography in a manner identical to that em- 
ployed for the lyophilized ammonium sulfate fraction of sheep 
pancreas. The effluent pattern, under gradient elution, was 
quite similar to that usually observed with IRC-50 in the sense 
that one major and one minor component were observed, the 
latter emerging first from the column. In addition, however, 
two small enzymatically active peaks were also observed, one 
preceding and one following the two main components (Fig. 5, 
Peaks I and IV). Although not enough of these was obtained 
for further study, and the sample was a commercial preparation 
several years old, the results suggest that beef pancreas may 
contain four distinct ribonucleases, separable by chromatography. 
No evidence was obtained for components in commercial bovine 
ribonuclease which corresponded in properties to ovine fractions 
V to VIII. 

Partial Characterization—N H,.-terminal amino acids were de- 
termined for each of fractions I through VI by means of the 
dinitrofluorobenzene method of Sanger (7). The 5-mg. samples 
were dinitrophenylated according to Levy (8), and after hy- 
drolysis, the ether-soluble dinitrophenylamino acids were sepa- 
rated chromatographically (8, 9). Water-soluble dinitrophenyl- 
amino acids were extracted with n-butanol, and the extract was 
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Fic. 5. Chromatography of crystalline bovine pancreatic ribo- 
nuclease on a CM-cellulose column. ——, protein concentration; 
----- , enzyme activities. See legend for Fig. 1 for further details. 


examined by paper electrophoresis (9). All of the ribonucleases 
analyzed contained NH,-terminal lysine, and no other NH.-- 
terminal residues were observed. 

As mentioned in the introduction, the four ribonucleases iso- 
lated and purified by CM-cellulose chromatography were passed 
through mixed bed ion exchange columns to convert them to the 
isoionic state. The pH of each of these deionized solutions was 
the same, 8.95, indicating a close similarity in the nature and 
content of their ionizable groups. This similarity is all the more 
striking since samples of bovine pancreatic ribonucleases A and 
B, prepared by CM-cellulose chromatography of commercial, 
crystalline material, exhibited different isoionic points. Thus, 
the major component of commercial bovine ribonuclease, which 
appears to be more basic on the basis of its chromatographic be- 
havior on IRC-50 columns, had an isoionic point of 9.65, whereas 
bovine ribonuclease B had an isoionic point of 9.23. Further, 
preliminary titration curves? performed on these two deionized 
proteins confirmed the earlier report of Tanford and Hauenstein 
(10) that they differ by a single titratable group in the region of 
carboxyl group ionization. Since the separability of the four 
ribonucleases from sheep pancreas cannot, apparently, be at- 
tributed to differences in net charge, some other explanation 
must be sought for their markedly different chromatographic 
behavior. It should be mentioned that individual titration 
curves have also been determined for sheep ribonucleases I, IJ, 
III and IV and that these preliminary results confirm the absence 
of any detectable differences among the numbers of titratable 
groups in the four proteins, both in the acid and alkaline regions 
of the curves. 


DISCUSSION 


The main purpose of the present study has been to prepare 
sufficient quantities of the major component of pancreatic ribo- 
nuclease of sheep origin to permit a comparison of its sequence 
with that of the beef enzyme. Such comparative studies on 
sheep ribonuclease III are reported in the accompanying paper 
(11). Preliminary chemical and physical characterization of 
this enzyme indicates a close similarity to the bovine enzyme in 


2 Details of these titrimetric studies of the ionizable groups of 
the various ribonucleases will be reported in a later paper. 
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sedimentation properties and the presence of the same NH.- 
terminal amino acid. However, determinations of the respec- 
tive isoionic points, together with comparative titration experi- 
ments, point to a lower net positive charge in the sheep protein, 
in conformity with the structural studies reported in the follow- 
ing paper. 

Of special interest has been the finding that crude extracts of 
sheep pancreas contain eight distinguishable components with 
very similar ribonuclease activities. The observation that the 
isoionic points of at least six of the ribonuclease fractions from 
sheep pancreas are the same appears to require that some reason, 
other than difference in intrinsic net charge, be found to explain 
the chromatographic separability of these components. It is 
known from electrophoretic (12), spectrophotometric, and opti- 
cal rotatory studies (13), that bovine pancreatic ribonuclease has 
a strong affinity for a number of polyanions and that the apparent 
isoelectric point of the protein may be changed as much as two 
pH units from the isoionic condition by orthophosphate ions. 
It has also been observed that the tertiary structure of bovine 
ribonuclease is extremely dependent upon its environment in so- 
lution, certain of its carboxyl groups being in a state of reversible, 
polyanion-dependent interaction with hydroxyl groups of tyro- 
sine, presumably through hydrogen bonding (13). The striking 
tendency of ribonuclease to form complexes with certain acidic 
materials must now be investigated as a possible causative factor 
in the establishment of chromatographic differences among the 
various sheep ribonucleases and in the phenomenon of conversion 


of fractions V, VI, VII, and possibly VIII to more basic forms by | 


IRC-50. 

It should be pointed out that sheep ribonucleases I to 1V, when 
subjected to deionization on mixed bed resin columns, retain their 
original chromatographic properties on CM-cellulose. The sep- 
arability of these components cannot, therefore, be attributed to 
the presence of small charged groups which might be bound to the 
proteins by simple electrostatic linkages and be removed by the 
deionization procedure, unless such groups were contributed by 
the phosphate buffer which was used routinely throughout the 
chromatographic experiments. 


SUMMARY 


Evidence has been obtained for the presence of eight fractions 
having ribonuclease activity in extracts of sheep pancreas. Four 
of these, termed I, II, III, and IV, have chromatographic prop- 
erties similar to the ribonucleases of beef pancreas, being strongly 
adsorbed under suitable conditions, both by the carboxyl-resin 
cation exchanger, IRC-50, and by carboxymethyl cellulose. The 
other four, V, VI, VII, and VIII, pass through carboxymethy| 
cellulose under the conditions which cause the retention of frac- 
tions (I to IV) but can be separated from one another on the 
anion exchanger, diethylaminoethyl cellulose. The latter four 
fractions appear to be irreversibly converted to the former by 
passage through a column of IRC-50 resin. The nature of this 
conversion is unknown. 

The six ribonucleases from sheep pancreas which were exam- 
ined contain NH,-terminal lysine residues. These fractions 
show essentially the same sedimentation characteristics as the 
major components from beef pancreas. 
all the ribonucleases from sheep pancreas are the same within 
experimental error (8.95 + 0.04) and differ significantly from the 


The isoionic points of | 


| 
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values obtained for beef ribonucleases A and B. The separabil- Commercial beef ribonuclease contains four separable com- 
ity of the sheep enzymes cannot be attributed to their intrinsic ponents which behave, chromatographically, much like sheep 
net charge alone. ribonucleases I to IV. 
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The sequence of the amino acids in the single, cross-linked 
polypeptide chain of bovine pancreatic ribonuclease is now suf- 
ficiently well known to permit a fairly detailed comparison of this 
protein with ribonucleases isolated from other biological sources. 
Such a comparison is of particular interest in the case of an en- 
zyme molecule since variations in structure from species to species 
may yield valuable information on the location of the site of 
enzymatic activity. Thus, modifications in sequence which re- 
sult in changes in charge distribution or which alter the possibil- 
ities for cross linkage through hydrogen bonds or through the 
interaction of hydrophobic side chains might suggest the nonin- 
volvement of certain amino acid residues in the process of catal- 
ysis. 

The comparative study of the structure of an enzyme from dif- 
ferent species is also of great interest in relation to the under- 
standing of the chemical basis of speciation and evolution. It is 
now well known that a number of biologically active proteins 
may be considerably modified by degradative methods without 
inactivation. The question arises at once as to the biological 
reasons for the perpetuation of the ‘‘unessential” parts of these 
proteins. If mutations occur which lead to the biosynthesis of 
an enzyme which is nonfunctional, such mutations might be ex- 
pected to be lethal ones which would not be perpetuated in the 
heredity of the species in question. On the other hand, muta- 
tions leading to changes in those parts of the protein not directly 
required for catalytic activity or to changes which only par- 
tially modify the efficiency of catalysis might be retained in the 
strain. It is attractive to suppose that the summation of such 
“nermissible’’ changes in a number of proteins might be a major 
factor in the process of speciation and in evolution in general. 

In the present paper we wish to report on a comparison of the 
amino acid composition of peptides obtained from beef and sheep 
ribonucleases by the action of trypsin and chymotrypsin. 


EXPERIMENTAL 


Materials and Methods 


Commercial crystalline ribonuclease (Armour, Lot No. 381- 
059) was further purified on columns of the cation exchange 
adsorbent, carboxymethyl] cellulose (1, 2), as described in the ac- 
companying paper (3). The major peak (commonly termed ri- 
bonuclease A (4)) obtained from the columns was compared, in 
the following sequence studies, with “Peak III” of sheep ribo- 
nuclease. As described in the preceding paper (3), both protein 
preparations contained the same NH.-terminal amino acid, ly- 


sine, and exhibited essentially the same s20,, values upon ultra- 
centrifugation. Their specific enzyme activities were identical. 

Duplicate samples of native beef and sheep ribonucleases were 
hydrolyzed and subjected to preliminary amino acid analyses! 
by the method of Moore and Stein (5). Since no study was made 
of the losses of certain amino acids during hydrolysis (6), and 
since many amino acids occur in large amounts in ribonuclease, 
the results were not sufficiently accurate to permit a decisive ap- 
praisal of the differences observed, and the detailed data are not 
included here. However, the differences observed between the 
two proteins were qualitatively consistent with the results of the 
sequence studies and indicated the presence of less lysine, thre- 
onine, and aspartic acid, and more glutamic acid and serine in 
the ovine protein. 

For the sequence studies protein samples were oxidized with 
performic acid by the usual method (7,8). Preliminary digestion 
experiments with trypsin and chymotrypsin were carried out at 
37° in the pH stat (9) at pH 8.0 to determine the time required 
for completion of proteolytic cleavage of the oxidized chains of 
the two ribonucleases. Uptake of alkali was complete in less 
than 2 hours when trypsin was added in an amount equal to 1 
per cent of the oxidized ribonuclease, and a second 2-hour period 
sufficed for complete digestion with chymotrypsin, which was 
added directly to the trypsin digest in the reaction vessel of the 
pH stat. 
to be described below indicated that the results of the combined 
digestion with trypsin and chymotrypsin were completely re- 
producible and yielded identical peptide patterns upon paper 
chromatography and electrophoresis. 

In most of the experiments to be reported, digestions were 
carried out more conveniently in ammonium carbonate buffer. 


Fractionation of several such digests by techniques © 


The peptide patterns from such digestions were the same as those _ 


obtained by the pH stat procedure. In a typical experiment 20 
mg. of oxidized ribonuclease were dissolved in 4 ml. of 0.1 M 
(N H,)2CO3 buffer, pH 8.0, and 5 wl. of phenol red indicator were 
added to permit a visual check on possible changes in acidity 
during digestion. Trypsin (0.2 mg. in 0.1 ml. of water) was 
added, and the digestion was allowed to proceed for 2 hours in a 
water bath at 37°. Chymotrypsin (0.2 mg. in 0.1 ml. of water) 


was then added, and after 2 hours the entire digestion mixture | 


was lyophilized. The buffer salt was removed by allowing the 
dried material to stand in a vacuum over P.O; and NaOH pel- 


1The authors are grateful to Dr. Karl Piez of the National 
Institute for Arthritis and Metabolic Diseases, National Insti- 
tutes of Health, for carrying out these analyses. 
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lets for 3 days. The desalted mixture of peptides was dissolved 
in | ml. of water, and aliquots were applied to paper for chro- 
matography and electrophoresis. 

For comparative studies of NH.-terminal sequences, samples 
of dinitrophenylated-oxidized ribonucleases were prepared as pre- 
viously described (10). The yellow, ethyl acetate-soluble dini- 
trophenyl peptides produced by the action of pepsin (0.2 mg. of 
Armour’s crystalline pepsin, 20 mg. of dinitrophenylated-oxidized 
ribonuclease, pH 1.8, 22 hours, 37°) were purified by electropho- 
resis on Whatman No. | filter paper in M/30 phosphate buffer at 
pH 7.0 for 20 hours with the use of a potential gradient of about 
25 volts per em. and 12 ma. Peptides separated in this manner 
were cluted with constant boiling HCI into sealed tubes and hy- 
drolyzed overnight (105°), and their amino acid compositions 
and NH.-terminal amino acids were determined by the method 
of Levy (11), with slight modifications (10). 

As an additional check on the nature of the NH.-terminal se- 
quence of amino acids in the sheep protein, a 20-mg. sample of 
the enzyme was carbobenzoxylated and treated with trypsin as 
previously described (12). This procedure causes the cleavage 
of the ribonuclease chain at positions following the 4 arginine 
residues in the molecule. The first 10 residues at the NH.-ter- 
minal end of the chain appear as a single peptide and the subse- 
quent 23 as another fragment. The decarbobenzoxylated digest 
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Fic. 1. Separation of peptide components in a digest of oxi- 
dized bovine pancreatic ribonuclease. The oxidized protein was 
digested successively with trypsin and chymotrypsin as described 
in the text. Paper chromatography of an aliquot applied at the 
origin, to the left of the figure, was carried out in the horizontal 
direction, followed by paper electrophoresis in the vertical direc- 
tion (cathode at the top). 
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Fic. 2. Separation of peptides from an enzymatic digest of oxi- 
dized sheep pancreatic ribonuclease. The conditions were as 
deseribed in the text and in the legend to Fig. 1. 


was fractionated as described below and the two peptides above 
were eluted, and analyzed, after acid hydrolysis, for amino acid 
composition by two-dimensional paper chromatography. 
RESULTS 

Typical fractionations of the enzymatic digests obtained with 
trypsin and chymotrypsin are shown in Figs. | and2. These were 
obtained by paper chromatography of 50-ul. aliquots of the salt- 
free digests (containing about | mg. of peptide material) on 
Whatman No. 3 filter paper sheets, followed by paper electro- 
phoresis for approximately | hour at 40 volts per em. at pH 6.5 
in pyridine-acetic acid buffer (13-15). The solvent for chro- 
matography was n-butanol-H.O-acetic acid, 4:5:1. The aliquots 
were applied in a small spot (Figs. 1 and 2), and descending 
chromatography was allowed to continue until the vellow spot of 
phenol red (present during digestion) had traveled about two 
thirds of the way to the end of the sheet (approximately 16 
hours). The sheet was then dried in air and cut into halves, for 
convenience in handling, in a direction perpendicular to the di- 
rection of chromatography. Each half was liberally moistened 
with pyridine-acetic acid buffer (pyridine-glacial acetic acid-H.O, 
5:0.2:95) with care being taken to allow the buffer slowly to 
wash the peptides on the paper into a sharp line connecting the 
chromatographic origin with the phenol red spot. Care at this 
stage of the operation insures that the peptide pattern, after 
electrophoresis, will exhibit well defined spots. The use of 
chromatography before electrophoresis, rather than the reverse 
procedure as used by Ingram in his studies on hemoglobin (16), 
appears to be of great value in the production of sharp patterns. 
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TABLE | 
Analyses of Peptides obtained by paper chromatography and 
electrophoresis from trypsin and chymotrypsin digestions 
of pancreatic beef and sheep oxidized ribonuclease* 

The spots labeled 5, 17 and 19 in the fractionation of digests of 
sheep and beef ribonucleases were present in such small quanti- 
ties that their amino acid compositions could not be determined 
with any assurance. The same was true for the component la- 
beled X in the beef ribonuclease patterns. 

The intensity of staining of each amino acid on two-dimen- 
sional paper chromatograms of hydrolysates of the various pep- 
tides is indicated in a qualitative way by underlining. The sub- 
scripts, when present, indicate the number of moles of each 
amino acid in the peptide under consideration, as determined for 
beef ribonuclease (10, 17). 


Composition Sheep No. 


3b | Lys, Glu, Thr, Alas (beef ) 


Lys, Glu, Ser, Ala (sheep) 3a and 3b 
6+ Phe, Glu, Arg | 6T 
t Asp, Glu, Thr, Ser;, Met, His t 
t Asp, Alas, Ser;, Tyr t 
16 | Cys, Asp, Glu, Met», Lys 16 
l Ser, Arg | l 
Asp, Leu, Thr, Lys | 
13 | Asp, Arg | 
Asp, Leu, Thr, Glu, Arg (sheep) 10 
9 Cys, Asp, Val, Pro, Thr, Lys, Phe | i) 
18 Glus, Vals, Leu, Serz, His, Asp, Alas, Cys Is 
14 Asp, Cys, Ala, Val, Lys 14 
20 | Cys, Aspe, Glu, Gly, Thr, Tyr 20 
7 | Glu, Ser, Tyr 7 
12 | Thr, Ser, Met 12 
21 Cys, Asp, Ileu, Thr, Ser, Arg 21 
15 | Glu, Gly, Sere, Thr, Lys 15 
8ft | Cys, Asp, Ala, Tyre, Pro, Lys St 
3c | Asp, Glu, Ala, Thrs, Lys 
Lys, Glu, Ala, Thr 23 
28 | His, Val, Hleu., Cvs, Asp, Glu, Gly, Ala, Pro, 28 
Tyr 
4 Val., Pro, His, Phe 4 
22 | Asp, Ala, Ser, Val 22 


From carbobenzoxry-oxidized sheep ribonucleases 
Lys, Ser, Glu, Ala, Phe, Arg S3 
Cys, Lys, His, Asp, Glu, Ser, Met, Thr, Ala, Sl 
Tyr, Arg 

* Amide nitrogens cannot be assigned to specific glutamic acid 
or aspartic acid residues on the basis of the present studies since 
these are removed through cleavage by acid hydrolysis before 
chromatography. 

t+ According to earlier observations (10, 17), cleavages should 
have occurred, under the conditions of the experiments reported 
here, between phenylalanine and glutamic acid in peptide 6 and 
in such a way as to remove the lysine residue from peptide 8. 
However, free phenylalanine was not observed and only small 
amounts of free lysine were detected on the patterns. 

t These two peptides were not visualized on Figs. 1 and 2 by 
the ninhydrin-staining reaction. However, these parts of the 
polypeptide chain have been accounted for in peptide SI as de- 
scribed in the text. 

§ See text. 
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Further details of the technique emploved here will be described 
elsewhere.” 

It is important at this point to emphasize some of the difficul- 
ties which beset not only those techniques depending on the use 
of paper chromatography and electrophoresis but on column 
chromatography as well. These difficulties arise from the inherent 
contamination of commercially available proteolytic enzymes, 
even after additional purification, with traces of protease activity 
different from that characteristic of the major component. of 
the material. Such contamination has been demonstrated fre- 
quently with a number of protease preparations and may lead to 
the production of peptide fragments not to be expected on the 
basis of known specificities for such enzymes as trypsin, chymo- 
trypsin, or carboxypeptidase. 

When an optimal amount of digested protein is taken for pep- 
tide analysis the patterns are usually clear-cut. With larger 
loads of material trace components may become visible, some of 
which may be present in sufficient quantity for analyses. In the 
present studies we have observed a number of such minor com- 
ponents when 4 or 5 mg. of digested oxidized ribonuclease were 
applied to the filter paper sheets and, after chromatography, the 
papers were run for several hours in the electrophoretic direction 
to increase the separation of the components. In the case of the 
ribonucleases studied here these components, with one excep- 
tion, have shown the same qualitative amino acid composition 
as a neighboring, more prominent peptide fragment and their 
presence may be attributable either to deamidation of asparagine 
or glutamine residues during one of the analytical operations or 
to some physical reason, perhaps related to adsorption on the 
paper. The problem is not serious when one deals with a 
protein of a structure as well known as that of ribonuclease but 
may become very troublesome with polypeptides with poorly 
known sequences.? It should also be emphasized that larger 
peptides frequently react only faintly with the ninhydrin-staining 
reagent and that, without some prior knowledge of structure 
such as one has with ribonuclease, considerable portions of the 
sequence might be overlooked.? For the determination of the 
amino acid compositions of the peptide components shown in 
Figs. | and 2, the papers were first dried at 60—70° until free of 
the odor of acetic acid and then spraved with a dilute solution 
of ninhydrin in absolute ethanol (0.025 per cent). The papers 
were then dried at 60° until the spots corresponding to those in 
the above figures were faintly visible. These areas were cut out 
and the excess ninhydrin reagent washed away by several 
washings with absolute acetone. The peptides were eluted into 
small test tubes with constant boiling HCl. The tubes were 
sealed and allowed to stand at 105° for 16 hours. After removal 
of the HCl in a vacuum the amino acids were chromatographed, 
first in butanol-acetic acid-water (see above), and in the second 
direction, in SO per cent aqueous pyridine. This two-dimen- 
sional chromatographic system separates all of the amino acids 
in oxidized ribonuclease from one another except leucine 
and isoleucine (methionine sulfone and valine separate well, 
although methionine runs with valine) and permits unequiv- 
ocal identification of the peptide in question in relation to the 
sequence of ribonuclease as presently known. 

The composition of the various peptides, together with their 
positions in the polypeptide chain of ribonuclease, is listed in 
Table I. The corresponding peptides in the beef and sheep 


2 A. Katz, W. D. Drever, and C. B. Anfinsen, unpublished ob- 


servations. 
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ribonuclease patterns were found to be identical in composition. 
However, several peptides present in the digest of the beef en- 
zyme were absent from that of the sheep enzyme and were re- 
placed by new components. Thus beef peptides 2 and 13 were 
not found in the patterns obtained from the sheep material, and 
instead there was observed the peptide designated 10. This 
change is attributable to the replacement of the lysine residue in 
position 37 of the beef ribonuclease chain by glutamic acid in the 
sheep protein. The action of trypsin produces a tetrapeptide 
and a dipeptide (designated 2 and 13, respectively) in the former 
ease and a hexapeptide (designated 10) in the latter. 

The region of the pattern from beef digests containing peptides 
3a, 3b, and 3c was also different with sheep material. Only a 
single component could be distinguished in the latter digests, 
having the composition, (Lys, Glu, Ser, Ala), where the under- 
lined residues were present in larger amounts on the basis of the 
intensity of staining with the ninhydrin spray reagent. Sheep 
peptides 3a and 3b showed the same composition and it seems 
likely that 3a is probably due to “tailing” of 3b in the chromato- 
graphic direction. The amino acid composition above corre- 
sponds to the first 7 residues of beef ribonuclease, with the thre- 
onine residue replaced by serine. 

Proof of the existence of a species difference in the NH.-ter- 
minal part of the polypeptide chain was obtained in two addi- 
tional ways. First, dinitrophenylated, oxidized beef and sheep 
ribonucleases were digested with pepsin as described in “IEexperi- 
mental” and in greater detail in a previous publication (10). 
The NH,-terminal dinitrophenyl-peptides were isolated by paper 
electrophoresis and hydrolyzed with 6 N HCl for subsequent 
amino acid analysis by the method of Levy (11). 
and beef proteins vielded a peptide containing | mole each of 
lysine and glutamie acid and slightly more than | mole of alanine. 
The beef peptide contained, in addition, a residue of threonine, 
and the peptide from the sheep enzyme contained 1 serine residue. 
These experiments confirm the existence of a difference in strue- 
ture between the NH>2-terminal ends of the chains of the two 
proteins and indicate that the sequence, Lys.Glu.Thr. Ala. in 
beef ribonuclease is replaced by Lys. (Glu,Ser, Ala) in sheep ri- 
bonuclease IIT (3). The sequence of the amino acids within the 
parentheses has not been checked, and inversion of two or more 
of these residues cannot be ruled out without stepwise degrada- 
tion of the peptide. 

A second confirmation of this species difference was obtained 
by trypsin digestion of the oxidized sheep enzyme after car- 
bobenzoxylation. Application of chromatography and _ electro- 
phoresis to such digests, after decarbobenzoxylation, vielded five 
major ninhydrin-reactive spots, two of which were eluted and 
analyzed for amino acid content by paper chromatography (pep- 
tides S3 and SI in Table 1). Peptide S83 corresponds to the 
NH.-terminal decapeptide sequence of beef ribonuclease, with the 
replacement of threonine by serine. 

The peptide labeled 3a in the patterns from digests of beef 
ribonuclease cannot be clearly identified on the basis of available 
information. This peptide has the qualitative composition (Glu, 
Ala, Lys). The production of a peptide with this composition 
is not consistent with the action of combined trypsin and chymo- 
trypsin digestion to be expected on the basis of the amino acid 
sequence of beef ribonuclease as it is now known. Neither is it 
to be expected on the basis of the findings of Hirs et al. (17), as 
presented in their paper on the partial reconstruction of the ribo- 
nuclease chain from data on partial enzymatic hydrolysis of 
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oxidized bovine ribonuclease. Further, we have identified a 
peptide with the same composition in digests which were pre- 
pared with trypsin alone. Not even traces of a peptide of this 
composition have been detected in either trypsin or combined 
trypsin-chymotrypsin digests of sheep ribonuclease III. It 
seems likely, therefore, that a species difference exists between 
the bovine and ovine molecules at some position which cannot, 
at present, be assigned. 

A species difference is also inferred by the following set of ob- 
servations. As shown in Table I, a peptide having the composi- 
tion (Thr., Asp (NH), Glu(NH,), Ala, Lys) has been isolated 
and identified by Hirs e¢ al. (17) and has been assigned to residues 
99 through 104 in bovine ribonuclease. This peptide was not 
separated by the usual techniques employed in the present work 
either with bovine or ovine ribonuclease. However, amino acid 
analyses of the combined peptide components labeled 3b and 3c 
were consistent with the presence in this area of this peptide to- 
gether with 4 or 5 residues from the NH.-terminal end of bovine 
ribonuclease. The nature of components 3b and 3¢ was clarified 
when it was found that aqueous, 80 per cent pyridine, employed 
as solvent in the chromatographic direction, gave a clean separa- 
tion of these peptides. Elution and analysis gave the amino acid 
compositions shown in Table I. No peptide corresponding to 
3¢ was detected in the digests of sheep ribonuclease. However, 
sheep ribonuclease vielded, instead, peptide 23, the composition 
of which is very similar to that obtained for beef peptide 3c, ex- 
cept for the absence of aspartic acid and the presence of a 
stronger intensity in the spot corresponding to glutamic acid. 
The findings suggest that the aspartic acid residue at position 
101 (present as its amide derivative in bovine ribonuclease) has 
been replaced by a glutamic acid residue in the sheep protein. 
The absence of an amide group would have to be invoked to 
account for the difference in electrophoretic mobility between 
peptide 23 from sheep ribonuclease and peptide 3c from beef 
ribonuclease Clearly this deduction can be proven correct only 
by complete sequence analysis of sheep and beef ribonucleases 
over the regions of the polypeptide chains in question. However, 
the observations above are internally consistent and suggest a 
difference between the two proteins in one or more of the amino 
acid residues between positions 99 and 104. 

The peptides which were isolated from the digests of beef ribo- 
nuclease and of which the amino acid compositions appear in 
Table | account for all of the sequence of the beef enzyme except 
for the region of the chain from residue 11 through residue 25. 
According to the results of Hirs et al. (17), this part of the chain 
should have been represented by two peptide components whose 
compositions are given in the table. Their absence from the 
chromatography-electrophoresis patterns may be attributable to 
lack of a visible staining reaction with the ninhydrin spray rea- 
gent. Weak reactivity of certain peptides with this reagent is, 
of course, a fairly common observation and a typical case in 
point is that of peptide 28, indicated within the broken circles in 
Figs. 1 and 2. 

This region of the chain has, however, been accounted for in 
the digests of carbobenzoxvlated, oxidized ribonuclease, both for 
the beef and the sheep enzymes, and the two proteins appear to 
have the same amino acid content within this part of the chain. 
The amino acids in peptide SI (in Table I) can ls been derived 
only from that portion of the chain between residues 11 and 33, 
inclusive, part of which has already been accounted for by pep- 
tides 16 and 1. Once again, the absence of quantitative differ- 
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ences cannot be ruled out without exhaustive sequence compar- 
ison. However, the color intensities produced by the ninhydrin 
reaction were qualitatively identical with each of the component 
amino acids for the two species. 


DISCUSSION 


The studies deseribed above establish that ovine pancreatic 
ribonuclease differs from the homologous bovine enzyme by the 
replacement of a lysine by a glutamic residue and of a threonine 
by a serine residue. A third sequence difference probably exists 
between the two proteins, but is not clearly definable on the basis 
of the present data. 

The established differences are of interest in relation to the 
location of the active center of ribonuclease within its three-di- 
mensional structure. These species variations are in general ac- 
cord with certain predictions which can be made on the basis of 
degradative studies. For example, it has been found that an 
enzymatically active derivative of the enzyme can be prepared 
by partial reduction of disulfide linkages (18). The first —S— 
S— bridge to be ruptured has been identified as that joining the 
Ist and 6th half-cystine residues (19). The lysine-glutamic acid 
interchange observed in the present study occurs in a portion of 
the amino acid sequence which hes very near half-cystine residue 
«1 and supports the idea that this may be a catalytically unim- 
portant part of the structure of the enzyme. The observed inter- 
change introduces a local change of 2 units of electrical charge. 
Since ovine and bovine pancreatic ribonuclease exhibit identical 
specific enzyme activities it seems likely, a priord, that a physical 
modification of such magnitude could not have occurred in or 
near the active center. 

The serine-threonine interchange at the NH.-terminal end of 
the polypeptide chain (residue 3) is a comparatively minor one, 
since it involves a difference of only a single methylene group, a 
situation which has been observed previously in studies on the 
structural differences among insulins from a variety of species, 
having identical hormonal activities (20, 21). In the case of ri- 
bonuclease, this interchange is of special interest because of the 
recent work of Richards (22), who has demonstrated that at least 
a portion of the NH.-terminal 20 residues of the protein are re- 
quired for catalytic activity or for the stabilization of a critical 
tertiary structure or for both. The present findings indicate that 
residue 3 is either not a part of the essential peptide sequence or, 
alternatively, that the replacement of threonine by serine in an 
essential part of the structure does not introduce significant stere- 
ochemical difficulties in the binding or hydrolysis of substrate 
molecules. 

The experiments discussed above are only a few of a consider- 
able number of studies by many investigators on the species dif- 


REF 


1. Peterson, EE. A., AND Soper, H. A., J. Am. Chem. Soc., 78, 
751 (1956). 

2 Soper, H. A., Gurrer, F.J., Wyckorr, M.M., AND PETERSON, 
Ie. A., J. Am. Chem. Soc., 78, 756 (1956). 

3. Agvist, 8S. E. AND ANFINSEN, B., J. Brol. Chem., 234, 
1112 (1959). 

4. Hirs, C. H.W., Moore, S., Svein, W.H., J. Biol. Chem., 
200, 493 (1953). 

5. Moore, S., AND STEIN, W.H., J. Biol. Chem., 211, 893 (1954). 

6. E. L., A., KimMEL, J. R., J. Brol. 
Chem., 207, 551 (1954). 

7. THompson, O. P., Biochim. et Biophys. Acta, 16, 440 (1954). 

Hirs, C. J. Biol. Chem., 219, 611 (1956). 


Comparison of Bovine and Ovine Pancreatic Ribonucleases 


Vol. 234, No.5 


ferences in proteins and polypeptides (20-24) which begin to form 
the basis for a rational, chemical approach to the questions of 
speciation and evolution. If we assume that the phenotype of 
an organism is, for the most part, the expression of the properties 
of its proteins, we must interpret the smallest unit changes in 
evolution as reflections of modified protein structure leading to 
alterations in enzymatic or hormonal activities and to changes in 
the organization of metabolic and structural systems. 

It is obvious that a tremendous amount of structural informa- 
tion needs to be amassed before it will become possible to make 
even a preliminary comparison of two species at the protein level, 
In the meantime, since the crossing techniques of genetics are 
ruled out by species incompatibility, a study of the similarities of 
protein. structures as reflections of the genetic information of 
different species should ultimately prove of great value in estab- 
lishing the continuity of parts of the gene pool throughout. the 
phyla. Tuppy’s work (25) suggests, for example, that the 
“venes” for cytochrome ¢ in the veast cell and in the silkworm 
could be quite similar to those in the higher vertebrates. — If such 
observations on the basic similarity of homologous proteins 
throughout the phyla become commonplace, we shall have. fur- 
ther strong evidence for the existence of a set of essential active 
centers (26-30) the properties of which have been modified by 
changes in the “accessory” structure of the protein molecules 
which contain them. 


SUMMARY 


Paper chromatography followed by high voltage paper electro- 
phoresis has been used for the comparison of digests of oxidized 
samples of purified ribonucleases isolated from beef and sheep 
pancreas. All of the significant peptide components separated 
by this procedure have been subjected to qualitative amino acid 
analysis by paper chromatography, and the analyses are in ac- 
cord with earlier studies on the over-all sequence. 

Two differences in sequence between the ribonucleases of the 
two species have been established. One involves the replacement 
of threonine at residue 3 in the beef enzyme by serine in the sheep 
enzyme and the second, the replacement of a lysine residue at 
position 37 by glutamic acid. A third difference exists between 
the two proteins, but its exact position in the sequence cannot be 
definitely assigned without further sequential analysis. The pre- 
liminary evidence suggests that this difference occurs in the re- 
gion of the polypeptide chain between residues 99 and 104. 

The rather major change in charge distribution produced by 
the replacement of lysine by glutamic acid at position 37 is con- 
sistent with the hypothesis that this region of the native enzyme 
is not essential as part of the catalytically active center. 
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Trypsin Inhibitors of Human Serum 


If. ISOLATION OF THE a;INHIBITOR AND ITS PARTIAL CHARACTERIZATION* 
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It now seems clear from the work of Jacobsson (1), Shulman 
(2, 3), and others, that there are two components of serum or 
plasma which inhibit trypsin. Most of the activity is associated 
with an a,-globulin which is relatively unstable to heating and 
to pH values below 5.5 (2, 4). This component does not in- 
hibit plasmin, but the second component, which is in the ae- 
globulin fraction, inhibits plasmin as well as trypsin. Shulman 
(3) has achieved a substantial purification of a fraction from 
human serum which probably represents the a.-inhibitor and 
Moll et al. (4) have recently reported the partial purification of 
the q-inhibitor from the serum of pregnant women. With 
the use of a method which is in many respects similar to that of 
Moll et al. (4), but applied to normal human plasma, we have 
achieved a substantially greater purification and sufficient ma- 
terial for some degree of characterization. A previous report of 
this work has appeared in abstract form (5). 


EXPERIMENTAL 


Materials and Methods 


Salt-free, crystalline trypsin, a-chymotrypsin, and crystalline 
soybean trypsin inhibitor were obtained from the Worthington 
Biochemical Company. 

Trypsin activity was measured by a modification of the casein 
digestion method of Kunitz (6). The same method was used to 
measure the activity of chymotrypsin. The concentration of 
trypsin in the stock solution of the enzyme was determined by 
the difference in weight between 2 ml. of solution and 2 ml. of 
solvent (0.0025 n HCl, 0.004 m CaCl.) after drying both over 
P.O; at 57° in a vacuum. The sample of trypsin was standard- 
ized with soybean inhibitor (7) and was found to contain 60 
per cent active trypsin. The concentration of a-chymotrypsin 
was determined by measuring the absorbancy of the stock solu- 
tion at 280 my in the Beckman DU spectrophotometer, 1-cm. 
light path, and with the factor 0.500 to convert to mg. per ml. 
(6). The concentration of purified inhibitor was determined by 
the difference in weight between 2 ml. of a solution of inhibitor 
and 2 ml. of solvent (0.17 m Tris! buffer, pH 7.6; 0.004 1 CaCl.) 
after drying over P.O; at 57° in a vacuum. 


* Supported in part by a Research Grant (H-2198) from the Na- 
tional Heart Institute, United States Public Health Service. 

* Predoctoral Fellow of the National Heart Institute. 

t Taken in part from a dissertation submitted in partial fulfill- 
ment of the requirements for the Ph.D. 

!The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 


A 5-ml. pycnometer was used in determining the apparent 
partial specific volume of the inhibitor. The pycnometer was 
calibrated with distilled H.O at 26° and all subsequent measure- 
ments were made at this temperature. 

Ultracentrifugal analyses were made with a Spinco model E 
analytical ultracentrifuge. Unless otherwise specified the 1.2- 
em. cell was used. The solvent was a phosphate buffer, pH 
7.14, [1/2 = 0.154, having the following composition: 0.1054 
M NaCl; 0.0057 mM NaH2PO,; 0.0144 m 

Paper electrophoresis was carried out by the method of Kunkel 
and Tiselius (8), between glass plates, at 0-5° when it was de- 
sired to analyze strips for trypsin, inhibitor, and protein. The 
examination of fractions for protein distribution only was carried 
out by the staining method of Jencks et al. (9). Starch block 
electrophoresis was essentially according to the method of Kunkel 
and Slater (10). 

Protein determinations on eluates from filter paper electro- 
phoresis were made by the method of Daughaday et al. (11). 

Nitrogen was determined according to Tompkins and Kirk 
(12). 


RESULTS 


Electrophoretic Identification of Thermolabile Component—The 
same sample of serum was separated by electrophoresis before 
and after heating at 60° for 20 minutes. In each case, 0.1 ml. 
of serum was applied and electrophoresis carried out at 0° for 
20 hours in 0.1 m barbital buffer, pH 8.6, under a potential 
gradient of 7 volts per cm. The paper strips were then cut into 
l-em. sections and eluted with 3 ml. of 0.85 per cent sodium 
chloride for 18 hours. Analyses for protein and inhibitor are 
shown in Fig. 1. It will be evident that the activity in the a:- 
globulin is completely destroyed by heating, with little decrease 
in the a@e-component. 

Preparation of Inhibitor—The starting material was outdated, 
lyophilized acid, citrate, dextrose? plasma. The a@-inhibitor and 
some inactive proteins were first precipitated by half-sat- 
uration with ammonium sulfate, without pH adjustment. The 
a@-component was then precipitated by raising the ammo- 
nium sulfate concentration to 70 per cent saturation. <A large 
part of the albumin in this precipitate was removed by adjusting 
the pH to 4.6 and the ammonium sulfate concentration to 50 


2 Acid, citrate, dextrose anticoagulant. The blood is originally 
collected in 0.20 volume of a solution containing 26.9 gm. of tri- 
sodium citrate X 5.5 HO, 8.0 gm. of citric acid, and 22.0 gm. of 
glucose per liter. 
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Fig. 1. Filter paper electrophoresis of serum at pH 8.6 before 


(1) and after (B) heating for 20 minutes at 60°. Protein, O S. 
and trypsin inhibitor, @- - -@, were determined on eluates from 
sections of the filter paper strip. The inhibitor in the a2-globulin 
is essentially unchanged, while that in the a;-globulin is com- 
pletely inactivated. The analyses were not carried beyond the 
8-globulin region, since other experiments had shown that no in- 
hibitor is present in the slower components. 


per cent. This step involves considerable loss of inhibitor 
activity, as the inhibitor is unstable below pH 5.5, but until 
recently had seemed unavoidable. The remaining steps in- 
cluded purification by anion exchange on Dowex 1-X4 (13) and 
by electrophoresis on starch at pH 8.6. The complete scheme 
for the isolation is given below. Unless otherwise indicated, 
all procedures were carried out at 5°. 

Step 1—An equal volume of saturated ammonium sulfate was 
added to 400 ml. of reconstituted plasma. After 4 hours the 
precipitate was separated by centrifugation in the Spinco model 
L preparative ultracentrifuge at 17,000 r.p.m. for 45 minutes. 
The precipitate was discarded. 

Step 2—The supernatant from Step 1 was brought to 70 per 
cent saturation with ammonium sulfate by the addition of solid 
ammonium sulfate (13.7 gm. per 100 ml.) and allowed to stand 
overnight. The precipitate was separated by centrifugation at 
17,000 r.p.m. for 45 minutes. The supernatant fluid was dis- 
carded, and the precipitate was dissolved in approximately 30 
ml. of distilled H.O, and dialyzed for 20 hours against 250 volumes 
of distilled H.O. 

Step 8—To the dialyzed solution from Step 2 was added an 
equal volume of a saturated ammonium sulfate solution. An 
aliquot of this mixture was removed to room temperature and 
titrated to pH 4.6 with N H.SO,. An appropriate volume of 
N H»SO, was then added slowly, with stirring, to the bulk of 
the mixture at 5° to attain the desired pH. The precipitate 
was immediately separated by centrifugation at 24,000 r.p.m. 
for 15 minutes, and discarded. The clear supernatant was ad- 
justed to pH 7 to 7.5 with nN NaOH witli. ‘trazine paper as 
the indicator. The adjusted solution was dialyzed for 20 hours 
against 100 volumes of distilled H.O. 

Step 4—The dialyzed solution from Step 3 was subjected to 
anion exchange on Dowex 1-X4, 200 to 400 mesh. The column, 
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40 X 6.6 ¢m., was initially prepared, and regenerated after each 
run, with the use of the following sequence of washes: 1 N HCl, 
distilled water, and 0.02 m Tris buffer, pH 7.25. Elution of 
proteins was accomplished by a stepwise increase in buffer con- 
centration employing the following sequence: 0.02 mM, 0.05 Mm, 
and 0.1 mM Tris buffer, pH 7.25. The effluent fractions were 
examined for protein content by measuring the absorbance at 
280 my in a Beckman DU spectrophotometer. The effluent 
fraction from the 0.1 mM buffer contains the a-inhibitor together 
with small amounts of albumin and a 8-globulin. This fraction 
was dialyzed overnight against 150 volumes of distilled water 
and the dialysis residue was lyophilized. 

Step 5—When 800 ml. of plasma had been treated through 
Step 4, the lvophilized products were combined, dissolved in 
4 ml. of 0.85 per cent sodium chloride and subjected to electro- 
phoresis on starch at 0°, under a potential gradient of about 6.3 
volts per cm., for 42 to 45 hours. The buffer was 0.1 M sodium 
barbital, pH 8.6. The a;-component was eluted from the starch 
with 0.85 per cent sodium chloride and dialyzed aginst 800 vol- 
umes of distilled water for 20 hours. The dialysis residue was 
lvophilyzed and stored at —10°. 

The product from Step 5 migrated as a single component on 
paper in 0.1 mM sodium barbital buffer, pH 8.6. The purification 
and vield after each step in the procedure are shown in Table I. 

Properties of Purified Inhibitor—A sample of the dialyzed 
and lyophilized inhibitor, after drying in a vacuum over P.O; 
at 57°, was found to contain 69 per cent protein as determined 
by the biuret method, with the use of dialvzed crystalline al- 
bumin as the standard. The same sample contained 11.39 per 
cent nitrogen, gave a negative test for phosphorus and a 
positive Molisch test for carbohydrate. It was precipitated with 
2.5 per cent trichloroacetic acid. This precipitate was soluble 
in 0.1 M Tris buffer, pH 7.6, but contained only 1 to 2 per cent of 
the original inhibitor activity. The supernatant fluid was de- 
void of activity. The inhibitor was rapidly inactivated at 65° 
or in only slightly acid solution. 

Reaction with Proteolytic Enzymes—The inhibition of trypsin 
by the purified inhibitor is shown in Fig. 2. The combination 
appears to be stoichiometric with a small but measurable dis- 
sociation, indicated by the curvature in the region of the equiva- 
lence point. One part of trypsin combined with 2.6 parts of 
inhibitor. However, since the sample of trypsin contained only 
60 per cent active trypsin, as indicated by combination with 
sovbean inhibitor, the combining ratio is 1 part of trypsin to 4.3 
parts of inhibitor. 

Fig. 3 shows the stoichiometric nature of the combination of 
a-chymotrypsin with the inhibitor. A ug. chymotrypsin was 
inhibited by 4 we. of inhibitor. 


TaBLe [ 
Extent of purification of plasma trypsin inhibitor 


Initial inhibitor Purificatio 
nl Initial protein | (inhibitor/protein) 
Te | 

Plasma 100 100 1 

Step 1 64 47 1.4 
Step 2 5S 25 2.3 
Step 3 IS 2.4 6.6 
Step 4 9 0.27 33 

Step 5 4 0.06 67 
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Fig. 2. Inhibition of trypsin, at two concentrations, with in- 
creasing amounts of purified inhibitor. Although the reaction is 
stoichiometric, some dissociation of the trypsin-inhibitor complex 
is indicated by the curvature as the equivalence point is ap- 
proached. 
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Fig. 3. Inhibition of chymotrypsin, at two concentrations, with 
increasing amounts of purified inhibitor. There is little or no in- 
dication of dissociation of the chymotrypsin-inhibitor complex. 
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Fic. 4. Sedimentation of inhibitor, a-chymotrypsin, and a mix- 
ture of inhibitor and a-chymotrypsin. The use of the synthetic 
boundary cell shows that the inhibitor not only gives a symmetri- 
eal peak, but also contains no nonsedimenting material. The 
chymotrypsin peak shows some asymmetry, and the mixture is 
seen to contain about 30 per cent of nonsedimenting material. 


As much as | mg. of inhibitor had no effect on the clotting time 
of recalcified plasma 

Sedimentation and Diffusion—On ultracentrifugal analysis in 
the synthetic boundary cell (Fig. 4) the inhibitor preparation 
showed the characteristics of a homogeneous protein, and there 
was no indication of nonsedimenting material. The sedimenta- 
tion constants at four concentrations of inhibitor, obtained from 
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runs in a standard cell, were extrapolated to give the value of 
Soo,w = 3.41 8 at infinite dilution. 

The diffusion constant was estimated from the sedimentation 
curves with the equation suggested by Lamm (14), 


Dt = x?/2 


In practice, « was calculated by determining one-half of the 
distance between two inflection points at one standard devia- 
tion from the mean, and one-third of the distance between two 
points at 1.5 standard deviations from the mean, for each sedi- 
mentation curve. The measured elapsed time, t, was corrected 
for initial boundary disturbance by plotting 2?/2 against t. 
The ¢ intercept gives the zero time, which was added to the 
measured values of ¢ before calculating D. The diffusion con- 
stants calculated in this manner were referred to water at 20°. 
= 5.2 107% sec. at infinite dilution.’ 

Partial Specific Volume and Molecular Weight—The apparent 
partial specific volume was determined for two concentrations 
of inhibitor: 8.6 mg. per ml. and 3.1 mg. per ml. The values 
obtained, corrected to 20°, were 0.648 and 0.644 cm.* per gm., 
respectively. The average of these two values was used in the 
calculation of molecular weight. 

The molecular weight of the inhibitor, estimated from sedi- 
mentation, diffusion, and partial specific volume data, is 45,000. 

Sedimentation of Mixture of Inhiiitor and a-chymotrypsin— 
Chymotrypsin was mixed with the purified inhibitor, 1 part by 
weight of the enzyme to 4 parts of inhibitor. The mixture was 
dissolved in the NaCl-phosphate buffer, pH 7.14, to give 2 ml. 
of a 1 per cent solution. This solution was found to be devoid 
of inhibitor activity and to have proteolytic activity equivalent 
to 50 ug. of chymotrypsin. Sedimentation patterns of inhibitor, 
chymotrypsin, and of the mixture, all obtained in the synthetic 
boundary cell, are shown in Fig. 4. The pattern for chymo- 
trypsin is slightly asymmetric with a trailing edge toward the 
solvent side. At the one concentration analyzed, s2,.~ = 2.78 
S. With the mixture of chymotrypsin and inhibitor, two peaks 
were observed, one of which did not sediment. The nonsedi- 
menting boundary was calculated to represent about 30 per cent 
and the sedimenting boundary about 70 per cent of the total 
material present. The sedimentation constants of the sedi- 
menting component at three concentrations, obtained by dilu- 
tion of the original mixture, extrapolated to an seo,w of 3.46 8. 
This value is practically identical with the sedimentation constant 
of the inhibitor itself. 

Both the chymotrypsin solution and the mixture of enzyme 
and inhibitor contained considerable amounts of material which 
was soluble in trichloroacetic acid and absorbed ultraviolet light. 
It is assumed that this material is at least partially responsible 
for the asymmetry of the chymotrypsin pattern and for the non- 
sedimenting boundary in the mixture of enzyme and inhibitor. 


3 The treatment of Baldwin (15) indicates that the diffusion co- 
efficient would be expected to show a fairly marked decrease with 
increasing concentration, because of the dependence of s upon 
coneentration. The value of kin the equation s = so(1 — ke) was 
found to be 0.05, which may be compared with a value of 0.06 for 
bovine serum albumin. The present studies were done at con- 
centrations from 0.25 to 1 per cent, and with a bar rather than a 
wire or phase plate. This made the calculations uncertain at best, 
and did not seem to justify the labor of applying Fujita’s equation 
in the manner described by Baldwin. However, the uncorrected 
diffusion coefficients showed only a small tendeney to decrease 
with increasing coneentration, which probably indicates hetero- 
geneity. 
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Electrophoresis—Acetate buffers, pH 3.65 to 5.44, T°/2 = 0.1, 
were used under a potential gradient of 8 to 9 volts per em. for 
5 to 6 hours at 5°. In each case 0.025 ml. of the following sam- 
ples were applied to the paper: a 6 per cent solution of dextran 
in 0.85 per cent sodium chloride to determine the degree of endos- 
motic flow; a 2 to 3 per cent solution of inhibitor in the appro- 
priate buffer; a solution 3 to 4 per cent in trypsin, and 2 to 3 
per cent in inhibitor; and a 3 to 4 per cent solution of trypsin in 
the appropriate buffer. The solutions of inhibitor and of in- 
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Fic. 5. Paper electrophoresis of a mixture of trypsin and in- 
hibitor (A), inhibitor (B), and trypsin (C) at pH 5.17. The bot- 
tom portion of the figure represents the sheet stained with brom- 
phenol blue, with the cross-hatched circle (D) indicating the 
position of dextran. Immediately above is the pattern of distribu- 
tion of protein, O ©, and inhibitor, @- - -@, obtained by 
elution from segments of a duplicate of B. Above this the dis- 
tribution of protein, inhibitor, and tryptic activity, O——O, 
from a duplicate of 4. This mixture is seen to contain no excess 
inhibitor, nor any protein migrating where the inhibitor would be, 
as indicated by B. It does have a component corresponding with 
trypsin (C), but also a new component of intermediate mobility. 
This is presumed to be a trypsin-inhibitor compound, dissociation 
of which gives rise to some tryptic activity in the leading portion 
of this peak. 
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Fic. 6. Apparent electrophoretic mobilities in paper of purified 
Inhibitor and trypsin-inhibitor complex at pH’s near the tsoelec- 
tric point. The values have been corrected for electroendosmosis. 
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hibitor plus trypsin were applied in duplicate and, at the end of 
each run, one of each of the duplicates was cut off and cut into 
l-cm. segments. Each segment was eluted with 1 ml. of 0.85 
per cent sodium chloride and the eluates were assayed for in- 


hibitor activity, trypsin activity, and protein content. The 
second strip was stained with bromphenol blue. 
The results of the run at pH 5.17 are shown in Fig. 5. The 


eluates from the sample of inhibitor plus trypsin were devoid of 
inhibitor activity and showed the presence of a bromphenol 
blue-staining component not present in the trypsin alone nor 
in the inhibitor alone. It seems likely that this component is an 
inhibitor-trypsin complex. The apparent electrophoretic mobili- 
ties of the inhibitor and of the complex are shown in Fig. 6. The 
isoelectric point of the inhibitor is near pH 4.0 and that of the 
complex is near pH 4.2. 


DISCUSSION 


The instability to heating and electrophoretic behavior leave 
no doubt that this inhibitor is the same as that studied by Moll 
etal. (4). Although an approximately 5 times greater purifica- 
tion has been achieved in the present work, their conditions for 
chromatography may be somewhat superior to those which we 
employed. We were never able to elute the albumin as com- 
pletely, before inhibitor began to appear, as their results would 
suggest. Consequently, the removal of the bulk of the albumin 
by isoelectric precipitation in ammonium sulfate at pH 5.5 
seemed essential. 

The final purification by starch block electrophoresis was re- 
quired, since the application of large amounts of material ob- 
tained from the ion exchange step to paper showed that it con- 
tained both an albumin and a 6-globulin contaminant. 

The purity of our preparation seems quite high when examined 
in the ultracentrifuge, or by filter paper electrophoresis at pH 
8.6. However, electrophoresis at pH values between 4.2 and 
5.4 showed the presence of a minor bromphenol blue-staining 
component. This could never be detected by elution of strips, 
however, and it is estimated that it could not have represented 
more than 5 per cent of the purified inhibitor. 

Despite the substantial purity suggested by such measure- 
ments, a consideration of the results of the reaction with trypsin 
and chymotrypsin indicate the presence of rather large amounts 
of inactive material. In both cases, about 4 times as much in- 
hibitor as enzyme is required. This would require that the 
inhibitor have a molecular weight of 80,000 to 90,000 if the com- 
bination is in equimolar proportions. Although our estimated 
molecular weight of 45,000 is certainly poor because of the un- 
reliable value for the diffusion coefficient, it seems unlikely that 
it can be in error by a factor of 2. It seems more likely to us that 
the use of a relatively low pH in the isolation may have resulted 
in the loss of inhibitor activity without substantial change in 
the physical properties of the molecule. Deutsch and Morton 
(16) have reported such a circumstance with respect to heat 
inactivation of the ovomucoid trypsin inhibitor. This would 
also provide an explanation for the nonsedimenting boundary 
observed in the mixture of chymotrypsin and inhibitor and the 
presence of a substantial amount of material which was not 
precipitated by trichloroacetic acid. The inactivated inhibitor 
might be expected to be susceptible to digestion by chymo- 
trypsin, which was shown to be in slight excess in the mixture 
studied. 

We have previously shown that a liter of plasma contains suf- 
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ficient inhibitor to inactivate | gm. of trypsin (7). If the molec- 
war weight of the inhibitor is 45,000, there would be about 
2 gm. of inhibitor per |. The value of 4 gm. per |. required by a 
molecular weight of approximately 90,000 would be too large 
to be accommodated in the a,-globulin fraction. Under any 
circumstance, it is evident that this inhibitor constitutes a large 
part of the total a,-globulin. It and the small acid glycoprotein 
or mucoprotein (17) previously isolated in this laboratory must 
constitute the major proteins of the a,-globulin as determined 
by moving boundary electrophoresis. The relatively low nitro- 
gen, low peptide nitrogen indicated by the biuret method, and 
the positive Molisch test suggest that this inhibitor may also 
be a glycoprotein. However it is clearly distinguished from the 
mucoprotein by being insoluble in 2.5 per cent trichloroacetic 
acid. 

One of the most striking findings is the very great affinity of 
this inhibitor for chymotrypsin. Shulman (2) did conclude that 
the trypsin inhibitor and chymotrypsin inhibitor (as contrasted 
with the plasmin inhibitor, or a»-inhibitor in the present des- 
ignation) were the same. However, the conditions of his assay 
were not suitable to detect the high affinity for chymotrypsin, 
which seems to distinguish this inhibitor from all others studied, 
including those isolated by Schmitz (18) and by Schulman (3) 
from human serum or urine, and that isolated from bovine 
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plasma by Peanasky and Laskowski (19). Although chymo- 
trypsin is generally inhibited by trypsin inhibitors, the afhnity 
has been reported to be relatively small in most cases. This 
component has been studied both as a trypsin inhibitor and a 
chymotrypsin inhibitor, but the latter designation would seem 
more appropriate in view of the greater affinity for chymotrypsin. 


SUMMARY 


A scheme for the isolation and purification of a trypsin in- 
hibitor from human blood plasma is described. The series of 
steps, including salting out with ammonium sulfate, isoelectric 
precipitation of albumin, anion exchange with the use of Dowex 
1-X4, and electrophoresis on starch, leads to a 4 per cent yield 
and a 67-fold purification. The purified material was shown to 
be an a,-globulin which gives a positive Molisch test, is pre- 
cipitated and inactivated with 2.5 per cent trichloroacetic acid, 
is heat-labile, and is unstable below pH 5.5. It reacts stoichio- 
metrically with trypsin and chymotrypsin, but has a greater 
affinity for chymotrypsin. The molecular weight is estimated 
to be 45,000, based on a sedimentation constant of 3.41 5S; a 
diffusion constant of 5.2 * 10-7 em. see. and a partial specific 
volume of 0.646 em.* gm.-!. The possible loss of inhibitor 
activity without substantial change in the physical properties 
of the molecule is discussed. 
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) Purification and Metabolic Effects of a Nerve Growth-promoting 


Protein from Snake Venom’ 


STANLEY COHEN 


From the Washington University Department of Zoology, St. Louis, Missouri 


A factor which specifically stimulates the growth of sensory 
and sympathetic nerve cells has been under investigation in this 
laboratory for a number of years. The growth stimulation is 
demonstrable both in tissue culture, on isolated nerve ganglia, 
and in the living chick embryo. 

The factor was originally discovered in certain mouse sarcomas 
(2-5) and the biological activity was found to reside in a protein 
fraction obtained from these tumors (6). A much more potent 
source of the nerve growth factor has recently been found in the 
salivary glands and salivary secretions of a variety of species. 
These include snake venom (7), the venom of the Gila monster, 
the saliva and salivary glands of the mouse, and the salivary 
glands of the rat and hamster (1). The venom and mouse sali- 
vary gland factors duplicated the growth promoting effects of the 
tumor both in tissue culture and in vivo, when they were injected 
into the chick embryo (8, 9). 

This paper is concerned with two main problems: (a) the 
chemical nature of the venom growth factor and (b) its mode of 
action and metabolic effect on the nerve cell. 


EXPERIMENTAL 


Materials and Methods 


Materials—Dried moccasin and cobra venoms (Agkistrodon 
piscivorus and Naja naja) were obtained from the Ross Allen 
Reptile Institute. The other venoms used were kindly furnished 
by Dr. FE. A. Zeller. Dr. Karl Slotta provided a sample of crys- 
tallized crotoxin. The author is also indebted to Dr. P. Berg for 
a sample of inorganic pyrophosphatase and to Dr. M. Friedkin 
for the Ca [bis(p-nitropheny]!) phosphate]. 

The carboxymethyl] cellulose (CM-cellulose) cation exchanger 
was prepared according to the procedure of Peterson and Sober 
(10) and contained 0.6 m.eq. per gm. ‘The anion cellulose ab- 
sorbent (DEAE-cellulose, Solka-Floc) was obtained from the 
Brown Company. The crystalline enzymes were products of the 
Worthington Biochemical Corporation. The radioactive glu- 
cose, lysine, and adenine were obtained from the Volk Radiochem- 
ical Company. The radioactive measurements were made with 
a Nuclear-Chicago model D47 gas flow counter. 

Tissue Culture Assay For Nerve Growth-promoting Activity— 
Hanging-drop tissue culture preparations were made consisting 
of 3 plasma (rooster), 4} Parker’s synthetic medium 1066 (Con- 
naught Medical Research Laboratories) containing thrombin (0.5 
mg. per ml.), and } isotonic sodium chloride with the material to 


*'This work has been supported by a grant from the National 
Science Foundation and a grant from the National Institute of 
Neurological Diseases and Blindness of the National Institutes of 
Health, United States Publie Health Service. Preliminary re- 


ports have been published in Federation Proc., 17, 203 (1958), and 
in (1). 


be tested in a final total volume of 0.075 ml. Each culture con- 
tained three or four sensory ganglia isolated from an 8- to 9-day 
chick embryo. As previously reported (11) the effects were ob- 
served after 18 hours of incubation at 37°, and the amount of fiber 
outgrowth was recorded in a semiquantitative scale as 1+ to 
4+. The assay was sensitive to 2-fold changes in concentration 
of the active material; smaller changes were not detected by gross 
observation of the ganglia. 

Enzymatic Determinations—Phospholipase A activity was 
measured by determining the rate at which lysolecithin was liber- 
ated trom purified egg lecithin. The incubation mixture was 
similar to that of Hayaishi and Kornberg (12) except that cal- 
cium chloride (0.01 m1) and sodium chloride (0.1 mM) were present. 
The lysolecithin was determined as the iodine complex (12). A 
unit of enzyme was defined as the amount hydrolyzing 0.1 umole 
of substrate in 1 hour. 

Phosphodiesterase activity was determined by the procedure 
of Sinsheimer and Koerner (13) with Ca [bis(p-nitropheny]!)phos- 
phate]. as substrate. A unit of enzyme was that which liberated 
0.1 umole p-nitrophenol in one hour. 

5-Nucleotidase was assayed by measuring the inorganic phos- 
phate liberated from adenosine 5-phosphate (13). A unit of en- 
zyme is that activity which liberated 10 wmoles of inorganic phos- 
phorus in | hour. 

t-Amino acid oxidase was assayed with t-leucine as substrate 
with the conditions of incubation reported by Kearney and Singer 
(14). The reaction was followed by measuring the ammonia 
liberated by nesslerization. A unit of activity is that which lib- 
erated 1 umole of ammonia N in 30 minutes. 

The ribonuclease assay was modified from that described by 
MeDonald (15). The incubation was carried out at pH 7.7 for 
30 minutes at 37°. The undigested RNA was precipitated with 
MacFadyen’s reagent, and after centrifugation the increase in 
optical density at 260 my of the supernatant fluid was determined 
in a l-em. cell. A unit of activity was defined as the activity 
which under these conditions produces an optical density increase 
of 1.0 in 30 minutes. 

DNase activity was determined in a manner identical to that 
used for RNase except that the undigested DNA was precipitated 
with an equal volume of 7 per cent perchloric acid. 

DPN nucleotidase activity was determined by measuring the 
rate of DPN destruction with alcohol dehydrogenase according 
to the procedure of Kornberg and Pricer (16). One unit is de- 
fined as the amount causing the cleavage of 1 umole of substrate 
per hour. 

ATPase was determined by measuring the inorganie pyrophos- 
phate liberated after incubation of the venom with ATP accord- 
ing to the procedure of Zeller (17). The pyrophosphate was 
measured as inorganic phosphate after incubation with inorganic 
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pyrophosphatase. One unit was that amount which liberated 1 
pmole of inorganic pyrophosphate per hour. 

Hyaluronidase was assayed turbidometrically (18). A unit 
was that activity which decreased the turbidity producing capacity 
of 0.2 mg. of hyaluronic acid to that of 0.1 mg. in 30 minutes. 

The proteolytic activity was determined at pH 7.8 with de- 
natured hemoglobin as substrate according to the procedure of 
Anson (19) for the estimation of trypsin. One unit of activity 
was defined as that which liberated 1 umole of tyrosine in 30 min- 
utes. The tyrosine was measured with the Fclin phenol reagent 
(20). 

The enzyme assays were run in order to determine the relative 
enzymatic composition of the purified growth factor and the 
crude venom. For each assay a standard curve was prepared 
with the use of the crude venom. All incubations were at 37°. 
The protein content was measured with the Folin phenol reagent 
(20) with bovine albumin as a standard. 

Determinations of Radioactivity in Protein, RNA, DNA, and 
Carbon Dioxide Fractions From Tissue Cultures—To obtain the 
total protein fraction the ganglia and plasma clot were dissolved 
by the addition of 0.2 ml. of 0.1 m NaOH and the protein was 
precipitated with 1 ml. of 10 per cent trichloroacetic acid. The 
precipitated protein was centrifuged, washed repeatedly with 2 
per cent trichloroacetic acid, and was finally dissolved in 0.1 ml. 
of 0.25 M NasCO;. The entire solution was plated and counted. 
The culturing and washing procedure was controlled in separate 
experiments by preparing cultures with the use of ganglia which 
had been killed by boiling. 

The RNA and DNA fractions were obtained by treating the 
cultures with 1 ml. of cold 10 per cent trichloroacetic acid. The 
precipitated plasma clot together with the embedded ganglia 
were transferred to centrifuge tubes and the RNA and DNA frac- 
tions were isolated by the Schmidt-Thannhauser-Schneider pro- 
cedure, as described by Volkin and Cohn (21), with the cation 
exchanger to remove the alkali. The final DNA fractions were 
boiled to decompose the trichloroacetic acid and were plated and 
counted. Again the entire procedure was controlled by prepar- 
ing cultures containing heat-killed ganglia. 

The total amount of carbon dioxide liberated by the ganglia 
was collected and counted as follows. At the end of the incuba- 
tion period, 0.2 ml. of 0.1 m NaOH was added to the cultures 
through asmall, paraffin-sealed pinhole in the covering glass plate. 
The mixture was then transferrred to a Conway dish and the 
‘carbon dioxide liberated by sulfuric acid was collected on a glass 
dish containing 0.1 ml. of a 0.1 Mm Ba(OH).-0.05 mM BaCl. mixture. 
The plates were then dried and counted. 


RESULTS 


Distribution of Nerve Growth Factor in Venoms of Various Spe- 
cles—-Samples of dried venom from species of the three families 
of poisonous snakes were dissolved in isotonic sodium chloride 
and assaved for their growth-stimulating properties in tissue cul- 
ture. A series of 2-fold dilutions of each venom was examined 
and the results (Table I) were expressed as the number of ug. of 
venom per ml. of tissue culture medium required to show a 3+ 
response. All of the venoms examined showed similar nerve 
growth-promoting properties. The crude venoms of the Elap- 
idae and Viperidae were from 2 to 4 times as potent as those of 
the Crotalidae. 

Freshly prepared serum from .{gkistrodon piscivorus showed 


Nerve Growth-promoting Protetn from Snake Venom 


Vol. 254, No.5 


TABLE [ 
Distribution of nerve growth-promoting factor 
in venoms of various species 


Venom required 
to show a 34+ 
response 


Family Genus and species 


ug./ml. tissue 
culture medinr 


Mlapidae Naja naja | 3 
| Sepedon haemachates | 3 
Viperidae Vipera russelli | 1.5 
_Bitis gabonica | 3 
Vipera aspis (vellow or white) 1.5 
Vipera ammodytes | 3 
| 
Crotalidae | Agkistrodon piscivorus | 6 
Crotalus horridus | 6 
Crotalus adamanteus | 6 
Bothrops atrox 6 
Bothrops jararaca | 6 


no growth-promoting activity. (Dilutions up to 1:1,000,000 
were assayed). 

Purification of Growth Factor—The venom of the moccasin 
(Agkistrodon piscivorus) was used as the starting material for the 
purification of the growth factor. The procedure has been modi- 
fied from that outlined previously (7). One gm. of venom and 
18 gm. of urea were dissolved in 37 ml. of water containing 3.5 
ml. of 0.1 N NaOH. The solution was allowed to stand for 90 
minutes at 0°. All subsequent procedures were carried out at a 
temperature of 0-3°. The urea step was included since its omis- 
sion resulted in a considerable loss of biological activity during 
fractionation. Saturated ammonium sulfate (at 0°, adjusted to 
pH 7.6 with ammonium hydroxide) was added until a final 
concentration of 46.5 per cent saturation was obtained. The mix- 
ture was allowed to stand for 30 minutes and was then centri- 
fuged at 10,000 x g for 5 minutes. The precipitate was dis- 
earded. To the supernatant fluid ammonium sulfate was added 
to a final concentration of 68 per cent saturation. The mixture 
was again allowed to stand for 15 minutes and was centrifuged. 
The vellowish supernatant fluid was discarded. The precipitate 
containing the growth factor was dissolved in 25 ml. of water and 
dialyzed overnight against distilled water. The material was 
centrifuged and the slight precipitate discarded. The super- 
natant fluid was again fractionated with the above saturated 
ammonium sulfate solution (in the absence of urea); the active 
material was precipitated between 45.5 and 59 per cent satura- 
tion. After centrifugation the precipitate was dissolved in 20 
ml. of water and the solution was again dialyzed overnight against 
distilled water. This fraction contained 155 mg. of protein and 
possessed over 50 per cent of the original biological activity. It 
should be remembered that the tissue culture assay was sensitive 
only to 2-fold changes in the concentration of the growth factor. 

The growth factor was then further purified by adsorption 
and elution from the anion and cation exchangers, DEAE- and 
CM-cellulose. A column 2.0 em. in diameter containing 3 gm. 
of the DEAE-cellulose was prepared and equilibrated with 0.2 M 
potassium phosphate buffer at pH 6.0. The column was then 
washed with distilled water. The dialyzed ammonium sulfate 


fraction (containing approximately 5 mg. of protein per ml.) was ! 
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passed through the resin at a flow rate of 0.1 to 0.2 ml. per minute 
followed by a wash of 1.5 column volumes of distilled water. 
Under these conditions the growth factor was not adsorbed by 
the resin. The eluate contained 67 mg. of protein and all of the 
biological activity. The protein remaining on the column could 
he quantitatively eluted with 1.0 mM sodium chloride and was bio- 
logically inactive. The column was regenerated by washing 
with a mixture of 0.56 M NaCl and 0.5 Mm NaOH, followed by dis- 
tilled water. 

A column 2.0 em. in diameter containing 3 gm, of CM-cellu- 
lose was then prepared and washed with a mixture of NaCl and 
NaOH, each at a concentration of 0.5 mM, followed by distilled 
water. The eluate from the DEAK-cellulose column was then 
applied at a flow rate of 0.1 to 0.2 ml. per minute. The column 
was washed with 20 ml. of water. The combined eluate con- 
tained 3 mg. of protein and was inactive. The column was then 
washed with 0.2 mM NaCl and 5 ml. portions were collected and 
analyzed for protein and biological activity. The growth factor 
appeared in Tubes 3 to 7. The combined fractions (25 ml.) 
contained 32 mg. of protein and over 50 per cent of the biolog- 
ital activity applied. The active solution was then dialyzed 
against distilled water in preparation for adsorption on a third 
column, 

A column containing 3 gm. of DEAE-cellulose was prepared 
as previously described except that it was equilibrated with dis- 


tilled water after washing with the NaCl-NaOH mixture. The 
dialyzed eluate from the CM-cellulose was then applied. © Under 


these conditions the biological activity remains adsorbed on the 
column. The resin was washed with 20 ml. of 0.001 Mm NaCl and 
the eluate discarded. NaCl, 0.05 mM, was then passed through 
the column, and 5 mil. fractions were collected. The biological 
activity appeared in Tubes 3 and 4.) The combined fractions 
(10 ml.) contained over 50 per cent of the activity applied to the 
column and 5.2 mg. of protein. 

Thus, approximately 25 per cent of the nerve growth-promot- 
ing activity present in | gm. of the crude venom was recovered 
in 5.2 mg. of protein, a purification of about 40-fold. This prep- 
aration was used in the enzymatic and metabolic studies reported 
in this paper. 

Properties of Growth Factor--We Nave previously reported (7) 
that the growth factor was nondialyzable, heat-labile (5 minutes 
at 90° in isotonic sodium chloride, pH 7.4), destroyed by acid 
(0.1 N HCl for 1 hour at 26°), stable to alkali (0.1. N NaOH for 1 
hour at 26°), and stable to 6.N urea (1 hour at 0°). 

The behavior of the material was examined in a Spinco analyti- 
‘al ultracentrifuge. The results are shown in Fig. 1.) Only a 
single component was detectable, with an so of 2.2 S; the molecu- 
lar weight was estimated to be on the order of 20,000. The 
centrifugation was continued until the boundary had completely 
sedimented. The supernatant fluid was removed and the resi- 
due redissolved in an isotonic sodium chloride. Tissue culture 
assays of these fractions showed that the supernatant fluid did 
hot contain the growth facter; all of the activity was present in 
the sedimented fraction. 

The ultraviolet absorption spectrum of the material is shown 
in Fig. 2. The 280/260 absorption ratio was found to be 1.3. 
A solution containing 1.0 mg. per ml. in distilled water showed 
an optical density of 1.03 at 280 my ina cell with a path length 
of Lem. 

Upon acid hydrolysis (6.N HCl for 10 hours in an autoclave) 
and two-dimensional paper chromatography of 150-ug. aliquots, 
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Fic. 1. Ultracentrifugation pattern of the purified protein after 
64 minutes at 59,780 r.p.m. The protein concentration was 6 mg. 
per ml. in 0.1 N NaCl. 
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Kig. 2. Absorption spectrum of the purified protein at a con- 
centration of 0.58 mg. per ml. in distilled water. 


the amino acid pattern was qualitatively identical to a similar 
chromatogram prepared with crystalline bovine albumin. No 
reducing sugars could be detected on the chromatograms, al- 
though the original material showed the presence of 1.6 per cent 
hexose as determined by the orcinol procedure, with galactose as 
a standard at 540 my (22). 

Two additional lines of evidence support the view that the 
biological activity is associated with a protein: (a) the destruction 
of the biological activity upon incubation with proteolytic en- 
zymes, and (b) the loss of biological activity upon incubation 
with antiserum to snake venom. 

The growth-promoting activity of the purified factor is com- 
pletely destroved by incubation with each of the crystalline pro- 
teolytic enzymes, trypsin, chymotrypsin, and papain. In these 
experiments SO wg. of the purified factor were incubated with 20 
py. of each of the proteases in 0.2 ml. of 0.1 Mm phosphate buffer, 
pH 7.0, for 4 hours at 28°. The papain digestion mixture also 
contained 60 wg. of cysteine. Controls were run in which the 
enzyme was omitted. After the incubation was completed, ali- 
quots were assayed. Under these conditions there was no dim- 
inution of the activity in the control tubes whereas only traces 
of activity remained after proteolytic digestion. Under similar 
conditions incubation with 100 ug. of RNase or DNase did not 
affect the biological activity. 

The possibility that the proteolytic enzymes were acting by 


} 
in | 
1é 
i- 
id 
5 0.2 
a | 
s- 
| 
: 
e 
d 
is 
0 
st 
d | 
t 
| 
d 
lL. 
u 
e 


1152 


inhibiting the response of the ganglia was excluded, since unin- 
cubated mixtures of the growth factor and the proteases were as 
active as the control. The failure of the proteases to act on the 
factor in the tissue cultures is understandable in view of the dilu- 
tion of the enzyme mixture in the cultures (1 :2000) and the pres- 
ence in the culture of plasma proteins. The possibility that the 
enzymes were liberating an inhibitor of some sort during the in- 
cubation was excluded, at least in the case of trypsin, by adding 
soy bean trypsin inhibitor and fresh growth factor after the incu- 
bation had been completed. No inhibition of the added growth 
factor was detected. 

The biological activity of the crude venom was abolished by 
antiserum to snake venom (7). ‘These results were confirmed 
with the purified growth factor. Of the protein, 40 ug. were pre- 
incubated for 1 hour at 26° with varying amounts of commercial 
antiserum (Wyeth Laboratories, Inc.) in 10 ml. of isotonic so- 
dium chloride, and aliquots were then assayed. The biological 
activity Wis completely inhibited by 5 mg. of the antiserum prep- 
aration. In control experiments the further addition to the mix- 
ture of an equivalent amount of the growth factor restored over 
50 per cent of the original activity, indicating that the antiserum 
was not inhibiting the response of the ganglia in some nonspecific 
fashion. Normal horse serum has no effect. 

Comparison of Enzymatic Activities of Crude Venom and Puri- 
fied Growth Factor—The possibility that the growth-promoting 
properties of venom were due to the activity of one of the enzymes 
known to be present in snake venom was then investigated. 
The enzymatic composition of animal toxins has been reviewed 
by Zeller (23). 

The results of the enzymatic assays on crude venom (Agkis- 
trodon piscivorus) and the 40-fold purified growth factor are shown 
in Table II. It was expected that if the biological activity was 
due to a particular enzyme, its specific activity (units per mg.) 
should also be approximately 40 times higher in the purified frac- 
tion than in the crude venom. The results show that the specific 
activities of all of the enzymes examined were lower in the puri- 
fied fraction. Indeed, only two of the enzymes, protease and 
RNase, showed any appreciable activity. The possibility that 
these enzymatic activities might still be associated with the 
growth factor was further reduced by the fact that whereas the 


TABLE II 
Enzymatic activities of crude snake venom and 
purified nerve growth factor 
The nerve growth-promoting activity of the purified fraction 
was 40 times greater (per mg. of protein) than that of the crude 
venom. 


Enzyme Crude venom 

unils/me. 
Phosphodiesterase................ 1] <0.2 
L-Amino acid | 14 | <0.1 
Deoxyribonuclease................ | 4.2 | <0.2 
Diphosphopyridine nucleotidase. 13.8 | 
Adenosine triphosphatase... 19.5 | <0.1 
6.0 | 1.5 
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growth factor is stable in 0.1 m NaOH (26°, 1 hour) the prote:se 
and RNase activities are completely destroved by this treatment. 

Crystalline crotoxin (phospholipase A) showed no growth-pro- 
moting activity. The fact that both the white and vellow ven- 
oms of Vipera aspis showed similar biological activity confirms 
the elimination of L-amino acid oxidase since the former venom 
is free of this enzyme. Cholinesterase, while present in the 
Mlapidae, is not found in the Viperidae or Crotalidae. Similarly, 
‘atalase, while found in some venoms is not present in Vipera 
russell (24). The addition of beef liver catalase to the cultures 
had no effect. The protease activity of A. pisctvorus has been 
reported to be 30 times greater than C. ademanteus (25) whereas 
both have identical growth-promoting properties. These su- 
thors also report considerable variations in clotting ability and 
bradykinin formation among the Crotalidae in contrast to their 
very similar growth-promoting activities. 

effect of Protein Hormones on Nerve Growth—In view of the 
failure to demonstrate any association of enzvmatic activity with 
the growth factor, and the presence of a similar agent in mouse 
sarcomas and salivary glands, it was of interest to see whether 
any of the protein hormones would stimulate nerve growth. 
Purified preparations of insulin and glucagon were kindly fur- 
nished by the Lilly Research Laboratories. Preparations of 
melanophore-stimulating hormone, growth hormone, _follicle- 
stimulating hormone, corticotropin, gonadotropin, and thyroid- 
stimulating hormone were furnished by the Armour Laboratories. 
Tissue cultures were prepared containing these hormones in con- 
centrations from 0.0001 to 100 wg. per ml. No nerve growth- 
promoting effect was observed in any instance. 

Site of Action of Growth Factor—The outgrowth of nerve fibers 
in tissue culture under the influence of the venom factor might 
be due to (a) a direct effect on the ganglion itself or (6) an indirect 
effect as a result of some interaction of the growth factor with 
the medium. Conceivably, the latter might involve the removal 
of an inhibitor or the liberation of some stimulating substance. 
The following experiments were performed to decide between 
these alternatives. 

Plasma, 3 ml., and synthetic medium (containing thrombin), 
3 mil., were incubated separately with 2 wg. of the growth factor 
in 1.5 ml. of isotonic sodium chloride for 8 hours at 37°. (This 
period of time was sufficient to allow for the initiation of nerve 
growth in control cultures.) qual volumes of the two solutions 
were mixed to assay for biological activity. In other aliquots, 
the antiserum to the venom was added before mixing for the 
assay. The presence of the antiserum completely abolished the 
nerve-stimulating effect of the mixture. These results indicate 
that the venom does not remove an inhibitor from the medium 
and that if the venom produces some other stimulating substance, 
it must have a very transient existence. 

The possibility that the venom was inducing the cells of the 
ganglion to produce (and secrete into the medium) a growth 
stimulant was examined by incubating 40 ganglia for 8 hours at 
37° in 0.1 ml. of the synthetic medium containing the venom pro- 
tein. The medium was then assayed for biological activity in 
the presence and absence of the antiserum. Since the addition 
of the antiserum completely abolished the activity, this hypoth- 
esis was ruled out. 

Nutritional Requirements for Nerve Fiber Outgrowth—We have 
reported (6) that the outgrowth of nerve fibers in tissue culture 
resulting from the presence of the tumor factor, although com- 
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pletely inhibited by iodoacetate (10-4 M) was not prevented by 
fluoride (10°? mM), cvanide (10-* m), or dinitrophenol (10-* m) 
These results have been confirmed with the growth factor ob- 
tained from venom. 

The possibility was therefore considered that the outgrowth of 
fibers was due simply to a redistribution of existing cytoplasm 
with no associated metabolic effects. Consequently, we tried to 
see (a) Whether there were any nutritional requirements for nerve 
outgrowth and (6) whether the growth factor had any effect on 
either the oxidation of glucose or the synthesis of protein and 
nucleic acids in the cells of the ganglion or both. 

To examine the carbohydrate requirements for nerve growth, 
cultures were prepared with plasma which had been dialyzed for 
24 hours against isotonic sodium chloride containing 200 units of 
penicillin and 20 yg. of streptomycin per ml. Eagle’s synthetic 
medium (containing thrombin) was prepared (26) with the sub- 
stitution of sodium chloride or a variety of possible ‘‘energy 
sources” for glucose. The carbohydrates and other added me- 
tabolites were present in the cultures at a final concentration of 
102m. The cultures were prepared as described, with 0.025 ml. 
of plasma, 0.025 ml. of synthetic medium, and 0.025 ml. of the 
growth factor (0.015 wg.) in isotonic sodium chloride. 

The presence of glucose or mannose is required for the out- 
growth of nerve fibers. In the absence of any added energy 
source the outgrowth of fibers was initiated but then ceased 
abruptly. The glucose could not be replaced by p-fructose, L- 
or p-arabinose, b-ribose, b-galactose, glucuronic acid, gluconic 
acid, malice acid, a-ketoglutarie acid, succinic acid, or fumarice 
acid. Lactate and pyruvate could partially replace the glucose 
requirement. ‘Typical results are illustrated in Figs. 3 to 6. It 
is not known to what extent the failure of some of the substrates 
to support growth was due simply to permeability. 

To examine the amino acid requirements for nerve growth, a 
basal culture medium was prepared containing the dialyzed 
plasma and Earle’s salt solution (with glucose and thrombin). 
However, even under these conditions, in the absence of any 
added amino acids, the growth factor elicited the usual halo of 
outgrowth of nerve filers after 1S hours of culture. We were 
thus presented with two alternatives; (a) amino acids were not 
required for the outgrowth of the nerve fibers or (6) amino acids 
were required, but could be obtained from the protein of the 
medium, or degenerating cells of the explant, or from internal re- 
serves. 

The following experiment, involving the use of the amino acid 
analogue p-fluorophenylalanine, indicated that at least one 
amino acid, phenylalanine, was required for growth. Under the 
above basal conditions the addition of 0.2 mM pi-p-fluorophenyl- 
alanine almost completely inhibited nerve growth. This inhi- 
bition was specifically reversed by the addition of L-phenylalanine 
(0.5 mm). The addition of a mixture of amino acids (arginine, 
cysteine, histidine, isoleucine, leucine, lysine, methionine, threo- 
nine, trvptophan, valine, and glutamine) each at a concentration 
of 0.5 mM did not reverse the inhibition. These results are shown 
in Figs. 7 to 10. 

Although other amino acid analogues have not been tested, it 
seems probable that there is a more general requirement for 
amino acids during nerve outgrowth. 

Effect of Venom Protein on Synthesis of Protein and Nucleic 
Acids and Oxidation of Glucose—Isotopically labeled substrates 
were used to obtain, more directly, information concerning the 
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synthetic and metabolic events occurring in the nerve cells under 
the influence of the growth factor. 

For these experiments the cultures were prepared in large de- 
pression slides in pairs, each culture containing five identical con- 
tralateral sensory ganglia isolated from the lumbosacral plexus 
of a 9-day chick embryo. The total pretein content of the five 
ganglia averaged 30 ug., and the protein content of the two sets 
of ganglia agreed to within 10 per cent. 

The effect of the growth factor on the incorporation of C™- 
lysine into the protein of the ganglion was then examined. Each 
set of five ganglia was treated in an identical manner except for 
the omission of the growth factor in the control cultures. Each 
culture contained 0.05 ml. of the dialyzed plasma, 0.03 ml. of the 
growth factor (0.025 ug. in isotonic sodium chloride), 0.02 ml. of 
1-C'™-~p.-lysine (5.8 wg. in isotonic sodium chloride), and 0.05 ml. 
of modified Eagle’s synthetic medium. (The Eagle’s medium 
was prepared with the omission of lysine and the incorporation 
of glucose at a level of 3 mg. per ml. and thrombin at a concentra- 
tion of 0.5 mg. per ml.) The sealed cultures were allowed to 
incubate for 20 hours at 37° and the total protein fraction was 
separated and counted. 

The effects of the growth factor on the incorporation of S-C™- 
adenine into the RNA and DNA and the oxidation of 1-C™- and 
6-C'-glucose to C4O. were also examined. 

The results of these experiments are shown in Table II]. Be- 
tween 0.35 and 0.45 yg. of lysine was incorporated into the pro- 
tein fraction of the five ganglia in the control cultures. Under 
the influence of the venom the incorporation was increased 58 to 
72 per cent in three experiments. 

In view of the fact that sodium fluoride does not inhibit the 
outgrowth of the nerve fibers, but does inhibit the secondary mi- 
gration of cells from the explant, the effect of 0.01 m NaF on the 
incorporation of lysine into the protein fraction was also exam- 
ined. It can be seen from Table II] that although the control 
level of lysine incorporation was reduced, the growth factor in- 
creased the incorporation by 84 to 94 per cent. 

Between 0.033 and 0.038 ug. of adenine was incorporated into 
the RNA of the control cultures. In the presence of the growth 
factor the incorporation was increased 40 to 69 per cent. Only 
traces of the adenine could be detected in the DNA fractions of 
both the control and venom-treated ganglia, of the order of 100 
times lower than into the RNA. Whether or not there is any 
effect of the venom on the synthesis of DNA cannot be seen from 
these data. 

Similarly, the factor increased the oxidation of carbon 1 of 
glucose by 41 to 54 per cent. Less of the C-6 of glucose was ox- 
idized by the ganglia and the increase due to the presence of the 
venom ranged from 12 to 26 per cent. 


DISCUSSION 


The experiments herein reported were designed to determine 
the chemical nature of the growth-stimulating factor present in 
venom, its site of action, and its effect on some of the metabolic 
processes occurring in the nerve cell. | 

It is clear that the factor isolated from the venom is a protein. 
It is heat-labile, nondialyzable, acid-labile, and may be fraction- 
ated by standard procedures of protein separation. The biological 
activity is destroved by incubation with a variety of proteolytic 
enzymes. ‘The factor is antigenic as evidenced by the inhibition 
of the growth-promoting activity by antisnake venom serum. 
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Fics. 3-6. Microphotographs of living sensory ganglia (from 9-day chick embryos) after 1S hours of incubation 


ria. 3. A control culture containing glucose but no growth factor 
hia. 4. The culture contained glucose (or mannose) together with the growth factor 
Fig. 5. The culture contained the growth factor without added glucose. Cultures prepared with a variety of possible energy sources 
(see text) had a similar appearance. 
Fic. 6. The culture contained the growth factor with added lactate (or pyruvate) 
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Figs. 7-10. Microphotographs of living sensory ganglia (from 9-day chick embryos) after 1S hours of incubation. All of the cultures 
contained the growth-promoting protein. 
Kia. 7. The basal (amino acid-free medium) was emploved (see text) 
Fig. 8S. The basal medium was supplemented with pi-p-fluorophenyvlalanine 


Fig. 9. The basal medium contained fluorophenyvlalanine and L-phenylalanine 
Fig. 10. The basal medium contained fluorophenvlalanine and a mixture of 11 other amino acids 


The biological activity is associated with a particle with a sedi- Although the mechanism by which this protein stimulates the 
mentation constant of 2.28. Paper chromatography of an acid — outgrowth of nerve fibers, both in tissue culture and in the chick 
hydrolysate of the growth factor revealed a typical protein amino — embryo, is not known, it appears to act directly on the nerve cells. 
acid pattern. The ultraviolet absorption spectrum of the mate- Our tissue culture studies have shown that it neither removes an 
rial is consistent with this conclusion. inhibitor from the medium nor reacts with the medium or the 
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III 
Effect of growth factor on incorporation of lysine 
into protein, adenine into nucleic acid, and 
oxidation of glucose to carbon dioxide 
The quantities and counts per minute of the added labeled sub- 
strates per culture were: pL-lysine, 5.8 yg., 10,670 ¢.p.m.; adenine, 
4.05 py., 25,420 ¢.p.m.; glucose (C-1 and C-6-C') 150 160,000 
¢.p.m. These counts were made ina manner identical to that used 
for counting the respective samples to eliminate the variations 


due to self-absorption. The culture conditions are given in the 


text. 
Labeled substrate Culture | | | 
c.p.m. c. p.m. c. p.m. 
| Control | Protein SOI 644 
| Venom | Protein | 1,264 1,351 1,110 
Control Protein 475 458 
| + NaF | 
Venom Protein | 22 
| NaF | 
S-Cll_adenine Control RNA 238 216 204 
Venom RNA 334 306 345 
S-Cl_adenine | Control DNA | l 2 | 4 
Venom DNA | 4 3 3 
glucose Control CO, 3,752 3,577 3,990 
Venom CO. | 5,777 5,040 6,015 
6-C!!-glucose Control CO, 2,262 | 2,623 | 2,890 
Venom | CO: | 2,840 | 2,943 | 3,352 


check the washing procedures, control experi- 
ments were run in an identical manner except that the ganglia 
were killed by boiling before culturing. In duplicate runs the 
protein, RNA, and DNA fractions each contained less than 1 
¢.p.m. 


* In order to 


nerve cells to produce a stable secondary growth factor. The 
biological activity is not associated with any of the enzymes 
known to be present in these venoms. These results do not, of 
course, exclude the possibility that the biological effect is due to 
anoas vet unidentified enzyme. However, the stability of the 
biological activity in 0.1 am NaOH does not favor such an hy- 
pothesis. 

In view of the failure of evanide, fluoride, and dinitrophenol to 
inhibit nerve outgrowth in tissue culture the possibility was con- 
sidered that the process is due simply to a redistribution of exist- 
ing cytoplasm with no associated metabolic effects. The data do 
not support this hypothesis. The process requires an energy 
source Which may be supplied by glucose or mannose. The in- 
hibition of nerve growth by p-fluorophenylalanine and its specific 
reversal by phenylalanine suggests a general amino acid require- 
ment. 
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Evidence that the growth factor actually stimulates oxidative 
and synthetic processes in the nerve ganglion was obtained by 
studving the fate of labeled substrates added to the tissue culture 
medium. The incorporation of lysine into protein, adenine into 
RNA, and the oxidation of glucose to carbon dioxide were all in- 
creased in the presence of the venom protein. No data are avail- 
able to distinguish between net svnthesis and turnover. The 
interpretation is further complicated by the facts that the ganglia 
are not pure cultures of nerve cells, and that a variable amount 
of necrosis occurred in the central parts of the ganglia during the 
incubation period. 

The results obtained by the use of metabolic inhibitors have 
revealed some unexpected aspects of the metabolism of glucose 
by the embryonic sensory ganglia. The presence of cyanide does 
not prevent either the outgrowth of nerve fiber or the increase in 
the quantity of 1-C'-glucose oxidized to C™-carbon dioxide (pre- 
liminary unpublished experiments). This suggests the operation 
of a noncytochrome oxidase-linked oxidative process. The find- 
ings that the outgrowth of fibers is not inhibited by fluoride and 
that more of carbon 1 of glucose appears in the carbon dioxide 
than of carbon 6, indicates the operation, at least to some extent, 
of a direct oxidative pathway of glucose breakdown. 

Our recent findings that the salivary glands of rodents pos- 
sesses a similar factor, and that it stimulates nerve growth in 
ganglia isolated both from the chick embryo as well as from the 
mouse (7), raises the question of the physiological role (if any) 
plaved by these growth factors in the normal economy of the 
organism, 


SUMMARY 


1. A protein with nerve growth-stimulating properties has been 
purified from snake venom. Only one component may be de- 
tected in the ultracentrifuge with a sedimentation constant of 
2.258. 

2. The factor has been found in all of the venoms tested, rep- 
resenting species from the three families of poisonous snakes. 

3. The evidence indicates that the protein acts on the nerve 
cell directly and that the outgrowth of nerve fibers is not due to 
any interaction of the growth factor with the tissue culture me- 
dium. The biological activity is not associated with any of the 
enzymes known to be present in venom. 

4. The presence of an energy source (glucose or mannose) Is 
required for the continuation of nerve growth. The outgrowth 
of fibers is inhibited by p-fluorophenylalanine and the inhibition 
is specifically reversed by phenylalanine. Experiments with iso- 
topically labeled substrates have shown that concomitant with 
the outgrowth of nerve fibers, there is an increased incorporation 
of lysine into protein, adenine into ribonucleic acid, and an in- 
creased oxidation of glucose to carbon dioxide. 
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Specificity of Phosphoglyceric Acid Mutase* 
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The enzyme phosphoglyceric acid mutase acts in the Embden- 
Meyerhof glycolytic scheme to catalyze the migration of the phos- 
phate group between the 3- and the 2-position of p-glyceric acid, 
and so prepare the molecule for dehydration by enolase. Suther- 
land et al. (1), implicated p-glyceric acid 2,3-diphosphate as an 
activator for the mutase; and they favored, as the mechanism of 
action, a transfer of phosphate from glyceric acid-2 ,3-diphos- 
phate to glyceric acid monophosphate rather than an intramolec- 
ular migration of the phosphate group. We have substantiated 
this work with the crystallized enzyme (2), and suggest that the 
over-all reaction may be treated from two aspects, the donation 
of phosphate by glyceric acid-2 ,3-diphosphate and its acceptance 
by glyceric acid phosphate. 

In the present work the substrate specificity of phosphogly- 
ceric acid mutase has been studied in an effort to define the struc- 
tural requirements for compounds to act as phosphate donors or 
phosphate acceptors. It has been surprising to find that such 
compounds as hydroxypyruvic acid 3-phosphate and the bisul- 
fite addition complex of glycolaldehyde phosphate can act as ac- 
ceptors, but the results as a whole indicate a high degree of speci- 
ficity for both donation and acceptance of phosphate.' 


EXPERIMENTAL 


The absorbance of solutions was determined with a Beckman 
model DU Spectrophotometer fitted with a photomultiplier at- 
tachment. When the rates of change of absorbance were to be 
followed, an'energy recording adaptor was attached to the above 
instrument and scales covering both 0 to 100 per cent and 90 to 
100 per cent transmittance were used (3). Optical rotations were 
determined with the Keston polarimetric attachment to the Beck- 
man spectrophotometer and with the Rudolph precision photo- 
electric polarimeter. 

Glycerie acid 3-phosphate was determined by the polarimetric 
assay of Meyerhof and Schulz (4), while glyceric acid 2-phosphate 
was determined with the use of the enzyme enolase to convert it 
to phosphoryl-enolpyruvate which absorbs at 240 my (5). In- 
organic phosphate was determined by the method of Ernster et al. 
(6). Crystalline mutase (2) and enolase (7) were used through- 
out this work. 

Serine and the nucleotides were obtained from the Nutritional 
Biochemical Corporation, and creatine phosphate from Mann 
Research Laboratories. 68-Glycerol phosphate was purchased 
from Eastman Chemicals. Phosphoamidate was a gift from Dr. 
C. A. Dekker, carbamy! phosphate from Dr. A. B. Pardee, and 
serine phosphate from Dr. Ek. E. Snell. The following com- 


* This investigation was supported by Research Grant A884, 
from the United States Public Health Service. 

1 A preliminary report of this work was presented at the Pacific 
Slope Biochemical Conference, Berkeley, Calif., August 1957. 


pounds were synthesized by published procedures: p-glyceralde- 
hyde 3-phosphate (8), p-glyceric acid 2-phosphate (9), p-glyceric 
acid 3-phosphate (10), p-erythro-dihydroxybutyric acid 2-phos- 
phate and 3-phosphate (11), hydroxypyruvie acid 3-phosphate 
(12), phosphoryl-enolpyruvate (13), p-glyceric acid 2,3-diphos- 
phate (14), and 8-chlorolactic acid (12). 

L-Glyceric acid 2-phosphate and 2 ,3-dihydroxyisobutyric acid 
2-phosphate and 3-phosphate were synthesized by Dr. F. Wold, 
while the L-threo-dihydroxybutyric acid 2-phosphate and 3-phos- 
phate were synthesized by Mr. G. Mathur. The following com- 
pounds were newly synthesized for this work: methy] p-glycerate 
2-phosphate and 3-phosphate; p-glyceric acid 2,3-phosphate; 
p-glyceric acid 3-phosphite; D-erythro-dihydroxybutyric acid 2,3- 
diphosphate; and pi-1 ,2-dihydroxyethane sulfonic acid 2-phos- 
phate. 

b-Erythro-2 ,3-dihydroxybutyric Acid 2 ,3-diphosphate—Methy| 
2-benzyl-p-erythro-2 ,3-dihydroxybutyrate was prepared as pre- 
viously described (12). This compound (1.8 gm.) was debenzyl- 
ated by hydrogenolysis in absolute ethanol (100 ml.) with a pal- 
ladium catalyst (1.0 gm. of 5 per cent palladium chloride-carbon). 
The catalyst was removed and the solution was concentrated to a 
syrup that weighed 1.1 gm. This crude methyl! dihydroxybuty- 
rate was phosphorylated in 15 ml. of dry pyridine at 5° with 7.5 
gm. of diphenylphosphorochloridate. After 2 days at room tem- 
perature the reaction was worked up in the manner used for other 
reactions of this type to give 3.2 gm. (67 per cent) of a syrup. 

This syrupy, methy! 2,3-di-(diphenylphosphory])-dihydroxy- 
butyrate, was then hydrogenated in 100 ml. of absolute ethanol 
at atmospheric pressure with 0.5 gm. of platinum oxide. 
hydrogen uptake was 2.4 |. in 1.5 hours. The catalyst was re- 


moved and 40 ml. of 1 Mm sodium hydroxide was added to sapon- — 


ify the methyl ester. The ethanol was evaporated at reduced 
pressure and the residue was taken up in water. The product 
was precipitated as the barium salt according to Baer (14). 
barium salt was then converted to the cyclohexylamine salt by 
adding cyclohexylammonium sulfate to an aqueous solution of 
the salt. The barium sulfate was removed and the water solu- 
tion was concentrated to dryness. The residue was crystallized 
from water by adding acetone. The yield was 0.3 gm., m.p. 188- 
190°. The substance analyzed as a pentacyclohexylamine salt 
of dihydroxybutyric acid diphosphate. 


(775) 
Calculated: N 9.0, P 8.0 


Found: N 8.5, P 7.9 


On chromatography the substance showed one phosphate con- 
taining component with Rp similar to glyceric acid diphosphate. 
Methyl pv-glycerate 2-phosphate—3-Benzyl-p-glyceric acid was 
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mi. of water. 
dieyclohexylearbodiimide. 
minutes, crystals of dicyclohexylurea started coming out of the 
solution. 


chromatography. 
the majority of the compound in Tubes 40-48 (166 mg.). 
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_ prepared, converted to the methyl ester and then to the 2-di- 


phenylphosphoryl ester as has been described previously (9). Of 


the resulting methyl! 
6.7 gm. in 135 ml. of absolute ethanol were debenzylated by re- 
duction with 6.7 gm. of 5 per cent palladium chloride-carbon 
_ previously reduced and washed to remove acid (9). 
duction was complete, the catalyst was removed and replaced 


After the re- 


with 1.35 gm. of platinum oxide. Reduction was resumed for 60 
minutes to remove the phenyl groups, after which time the cata- 
lyst was filtered off and 12 gm. of barium perchlorate [Ba(ClO4)2- 
3 H.O] in 45 ml. of 95 per cent ethanol were added. The pH was 
raised to between 6 and 7, and the precipitate was allowed to form 
overnight in the cold. The barium salt was collected by centrif- 
ugation and washed by centrifugation with 60 ml. of absolute 
ethanol and ether. After drying in a vacuum the yield was 3.13 
gm. 

When a solution of the ester was desired the barium was re- 
moved by treating a suspension of the compound with Dowex 
50(H*). After filtering off the resin, the pH was brought to 6.5 
with KOH. Enzymatic assay of this solution before and after 


- saponification indicated that both methyl ester and free acid were 


present in the ratio of 4:1 and in amounts sufficient to account 
for all the phosphate. Solutions standardized in this way were 
used in the enzymatic tests. 

Methyl v-glycerate acid was 
prepared by oxidation of 2-benzyl-p-glyceraldehyde (8), and was 
then converted to methyl p-glycerate 3-phosphate by the pro- 
cedure used above. Solutions were prepared in a manner simi- 
lar to that used for the 2-isomer. The enzymatic tests indicated 
that the preparation was free of 2-isomer, but again contained 
free acid in one-fourth the amount of the ester. 

p-Glyceric Acid 2,3-phosphate—Glycerie acid-3-P obtained 
from yeast fermentation was treated with dicyclohexylearbodi- 
imide according to the procedure of Khorana (15) to yield an 
equilibrium mixture of the acyclic and cyclic esters, which were 
separated by chromatography. 

Ba glyceric acid-3-P, 1.0 gm., was converted to the free acid 
with Dowex 50(H*), and, after removal of the resin, pyridine was 


added to give a neutral pH. The solution was evaporated to 


dryness with a stream of air and the residue was dissolved in 6 
Pyridine, 40 ml., was added followed by 2.5 gm. of 
After the mixture was shaken for 10 


After 2 hours these were filtered off and washed with a 


small portion of cold water. The filtrate was made up to 100 ml. 


_ with water and extracted three times with 150-ml. portions of 


ether. Evaporation of the water gave an oil (1 gm.) which was 
placed on a cellulose column (diameter 3.5 em.; length 68 ¢m.; 
200 gm. of cellulose) which had been packed wet with the solvent 
isopropanol-water-ammonia (70:25:5). The column was de- 
veloped with the same solvent. After one holdup volume had 
passed (400 ml.), 15-ml. fractions were collected at a flow rate of 
2.5 ml. per minute. Tubes containing phosphate compounds 
were detected, and the compounds were later identified by paper 
Tubes 28-49 contained cyclic phosphate with 
The 
acyclic phosphate esters started appearing in Tube 65 and the 
majority of the phosphate-containing material was recovered by 
Tube 80. 

Material in Tubes 40-48 was converted to the cyclohexyl- 
amine salt by passage through a Dowex 50 (cyclohexylamine) col- 


L. 1. Pizer and C. E. Ballou 


1159 


umn, and the product obtained on evaporation of the eluate was 
crystallized from a mixture of absolute ethanol and acetone. 
This material was very hygroscopic. When exposed to air by 
filtration, it became an oil. However, collection of crystals by 
centrifugation and washing with acetone and ether gave a white 
powder which was dried under high vacuum. As no inorganic 
phosphate was present, solutions of the cyclic compound were 
standardized by total phosphate analyses. 

The material gave one spot in ammonia-propanol solvents with 
an Ry approximating those of other cyclic phosphates as reported 
by Khorana. On treatment with acid or alkali this compound 
disappeared and was replaced by one that cochromatographed 
with the starting material (glyceric acid-3-P). Complete ab- 
sence of glyceric acid-2-P or glyceric acid-3-P in the cyclic com- 
pound was established by enzymatic test. The cyclic nature of 
the compound is indicated by its titration which shows no second- 
ary phosphate dissociation, pK range 5 to 8; but this pK appears 
after the same solution is saponified. 

b-Glyceric Acid 3-phosphite—The synthesis of glyceric acid 
3-phosphite was carried out with PC]; in a fashion similar to that 
of Robertson and Boyer (16). Methyl] 3-benzyl-p-glycerate, 2.06 
gm., in 15 ml. of pyridine, was treated with 2.5 gm. of benzoyl 
chloride in 10 ml. of pyridine for 17 hours at room temperature. 
The material was worked up as for a phosphorylation and yielded 
2.78 gm. (92 per cent) of syrup. This syrup, in 40 ml. of abso- 
lute ethanol, was hydrogenated with 2.0 gm. of 5 per cent pal- 
ladium chloride-on-carbon as catalyst to remove the benzyl 
group. The hydrogen uptake in 30 minutes was 205 ml., and the 
syrup, after removal of the catalyst and solvent, weighed 2.0 gm. 
This material, in 15 ml. of anhydrous benzene, was added drop- 
wise with stirring to 2.0 gm. of PCl; contained in 25 ml. of anhy- 
drous benzene. The 3-necked flask containing the PCl; was 
cooled in ice during the addition, which took 10 minutes, and for 
30 minutes thereafter. The ice bath was removed, and the solu- 
tion was allowed to reach room temperature. A water bath was 
placed under the flask and the temperature was increased to 50° 
for 15 minutes, then the ice bath was replaced. To the cooled 
solution 50 ml. of cold 1 mM KHCO; were added, and after the 
evolution of gas had ceased, the solvents were removed by distil- 
lation under reduced pressure. After benzene was added and re- 
moved by distillation to facilitate drying, the syrup was extracted 
with anhydrous benzene. The benzene soluble fraction was con- 
centrated to a syrup (2.75 gm.) under reduced pressure. This 
material was dissolved in aqueous ethanol and 20 ml. of 1 m KOH 
was added for saponification of the compound. After 8 hours, 
cations were removed from the solution with Dowex 50(H*), 
and both the resin and benzoic acid were removed by filtration. 
Remaining benzoic acid was extracted into ether, the aqueous 
solution was brought to pH 8 with cyclohexvlamine and was 
then evaporated to dryness. The residue was extracted with 
ethanol and the alcohol soluble material crystallized on the addi- 
tion of acetone to the solution. The yield was 1.39 gm. (38 per 
cent overall). A twice recrystallized sample melted between 
147-149°. The rotation of the cyclohexylamine salt in water was 
[a]? = 9.6° and in 10 per cent ammonium molybdate it rose to 
= 80°. 


(365) 
Caleulated: P 8.48, N 7.67 


Found: P 8.30, N 7.59 
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,2-Dihydroxyethane Sulfonate 2-phosphate—The addition 
of bisulfite to certain aldehydes results in compounds with bio- 
logical activity (17). Such compounds have the structure of sul- 
fonic acids, 7.e. a sulfur to carbon bond (18). Glycolaldehyde 
phosphate produced by hydrolysis of the diethyl acetal (19) forms 
an addition complex when mixed with 1 equivalent of sodium 
sulfite for 24 hours. Attempts at crystallization of the sodium 
salt were unsuccessful, but the complex behaved as a discrete 
component when chromatographed on Whatman No. 1 filter pa- 
per with a methanol, formic acid, water solvent system (80:15:5) 
(20). In this solvent system the free aldehyde had an Ry of 0.78 
while the bisulfite addition complex had an Ry of 0.37. The 
binding of the bisulfite was followed by determining the quantity 
of aldehyde free to react with iodine (21). After 1 hour 81.7 per 
cent of the bisulfite was bound and after 24 hours this figure had 
risen to 88.7 per cent. 

Glyceric acid-3-P labeled with P® was isolated by a modifica- 
tion of the fermentation procedure of Neuberg and Lustig (22). 

Transfer Experiments Involving Hydroxypyruvie Acid 3-phos- 


TABLE | 

Acceptors of phosphate from glyceric acid 2,3-di-P 

Each cuvette contained 1.0 ml. of 0.1 M imidazole-HCl buffer, 
pH 7.0; 0.015 mM in MgCl,; 0.2 mg. of enolase; and 0.05 mg. of mu- 
tase as well as the compound to be tested as acceptor. The final 
volume was made to 2.9 ml. with water. After equilibrium had 
been established, 0.1 ml. of 0.015 mM glyceric acid-2,3-di-P was 
added and the absorbance at 240 my followed to the new equilib- 
rium. Rate of transfer of phosphate is given relative to p-erythro- 
acid 2-phosphate. 


| Glyceric 
| 
Compound | Concentration 
at equilib- 
| rium 
B-Glycerol phosphate.............. 5X 10°% 0 
p-Glyceraldehyde 3-phosphate.... . 5X 0 
Methyl p-glycerate 3-phosphate... 2.5 &K 10% 0 
Methyl! p-glycerate 2-phosphate...) 2.5 & 1078 0 
pu-1,2-dihydroxyethane — sulfonic 
acid 2-phosphate................ 5X 10°3 45 8 
L-Glveeric acid 2-phosphate....... 5 10-3 15 
Hydroxypyruvie acid 3-phosphate . 5X 
p-Erythro-dihydroxybutyrie acid 3- | 
p-Erythro-dihydroxybutyric acid | 
L-Threo-dihydroxyvbutyrie acid | | 
L-Threo-dihyvdroxybutyric acid | | 
pL-2,3-Dihydroxvisobutyrie acid | 
acid | | | 
p-Glyceric acid 4 10°3 0 | 
pu-Serine phosphate............... 1x 1072, 
pL-8-Chlorolactic acid............. 1x 10°? 0 
1X 10-2 0 


| 
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phate and Dihydroxyethane Sulfonic Acid 2-phosphate—Hydroxy- | 


pyruvic acid 3-phosphate and dihydroxyethane sulfonic acid 2- 
phosphate cannot be readily assayed polarimctrically; therefore, 
a transfer experiment with P*-labeled glyceric acid-3-P was car- 
ried out to verify that these compounds are substrates. To an 
incubation mixture containing | xX 10° mM glyceric acid-3-P |a- 
beled with P®, 5 10-8 glvceric acid-2,3-di-P, 5 10-2 y 
imidazole HC! buffer pH 7.0, and crystalline mutase at 50 yg. 
per ml. was added either dihydroxyethane sulfonic acid 2-phos- 
phate, hydroxypyruvic acid 3-phosphate, or p-erythro-dihydroxy- 
butyric acid 2-phosphate at 3 X 10-3 Mm. The controls contained 
no enzyme. After 3.5 hours at room temperature the solutions 
were frozen. Aliquots were chromatographed on Whatman No. 
| filter paper with picric acid-tertiary butanol as solvent (23). 
The solvent was run in descending fashion at 36° for 24 hours 
after the system had equilibrated for 4 hours. The phosphate 
compounds were detected by the Axelrod and Bandursky (20) 
modification of the Hanes and Isherwood phosphate spray, and 
radioactive compounds by radioautography. 

Radioactivity was detected in the spots corresponding to glyc- 
eric acid-P, Ry 0.57, (glyceric acid-2-P, glyceric acid-3-P, and 
glyceric acid-2 ,3-di-P do not separate in the solvent), and inor- 


ganic phosphate, Rp 0.43 (present as a contaminant in the radio- | 


active glyceric acid-P), for all the samples and controls. 
samples also showed radioactivity in spots corresponding to ei- 
ther dihydroxyethane sulfonic acid 2-phosphate Ry 0.21, hy- 
droxypyruvic acid 3-phosphate Rp 0.21, 0.31 (double spot; low 
incorporation), or D-erythro-2 ,3-dihydroxybutyric acid 2-phos- 


phate, Ry 0.66. The presence of P® in the phosphate groups of 


the sulfonic acid phosphate and hydroxypyruvie acid phosphate 
indicates that these groups were in equilibrium with the phos- 
phate of glvceric acid-P, and therefore verifies that the com- 
pounds are substrates for the mutase. 


RESULTS AND DISCUSSION 


In a previous publication it was shown that the p-erythro-2 ,3- 
dihydroxybutyric acid monophosphates would accept phosphate 
from glyceric acid-2,3-di-P to give rise to a mixture of glyceriec 
acid monophosphates and dihydroxybutyric acid diphosphate (2). 
Moreover, the rate of the reaction was dependent on the mutase 
concentration. 


The 


With the use of the same conditions, with the ex- | 


ception that the p-erythro-dihydroxybutyric acid monophosphate 


was replaced by the substrate analogue to be tested, it was pos- 
sible to determine what structural factors were important in af- 
fecting the substrate’s ability to accept phosphate. The results 
of treating a series of analogues in this manner are presented in 
Table 1. 
since the sulfonic acid analogue can accept phosphate while the 
compounds having an aldehyde, alcohol, or methyl ester on car- 
bon 1 cannot. Carbon 2 of glyceric acid is asymmetric, and 
therefore its hydroxyl group can have either a p- or an L-config- 
uration. The natural substrate is the p-isomer, but the unnat- 
ural L-isomer can accept phosphate although at a very slow rate. 
The hydroxy! group on carbon 2 can also be enolic in nature, 
since hydroxypyruvie acid 3-phosphate appears to accept phos- 
phate. Replacement of the hydrogen on carbon 2 with a methyl 
group causes loss of activity, perhaps because of steric hindrance 
by the methyl group. 

In contrast to carbon 2, carbon 3 can carry a methyl group in 
place of one of its hydrogens, so that the hydroxyls have a D- 


It appears that carbon 1 must carry a negative charge, | 
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erythro-configuration; but replacement of the other hydrogen to 
form the L-threo isomer results in loss of activity. 

Finally, modifications of the phosphate group were tried. Re- 
moval of the phosphate group, replacement with a phosphite 
group, or cyclization to form p-glyceric acid 2 ,3-phosphate pro- 
duced an inactive compound. Cyclic phosphates are interme- 
diates in the acid-catalyzed migration of glycerol phosphate (24), 
but the inactivity of p-glyceric acid 2,3-phosphate as an activa- 
tor, acceptor, or substrate probably excludes it from any role in 
the mutase-catalyzed interconversion of the two isomers. Re- 
placement of a hydroxyl with an amino group (serine phosphate) 
also leads to loss of activity. The acceptor specificity indicates a 
requirement for three groups: a carboxyl (or charged equivalent), 
phosphate, and hydroxyl. 
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+2.0 { 
L-glyceric Acid-2-P 
+ 1.0 Lo 


O-dihydroxybutyric Acid-2-P 
“10 1,500 
O-glyceric Acid-2-P 
-2.0 E= /30,000 


COO- COO- COO- 
| 
HCOPO,;- CH;—COPO;* 
| 
HCOH HOCH HCOH 
H 
CH; CH; 
p-erythro-2,3-Dihy- L-threo-2,3-Dihy- p-2,3-Dihydroxy- 


droxybutyrie Acid 
2-phosphate 


droxybutyrie Acid 
2-phosphate 


isobutyrie Acid 
2-phosphate 


5 10 15 


L 
30 


45 


60 


120° er. 


COO- COO- COO- 
| | | 
C=O COH HOCOH 
| | 
H.COPO;" HCOPO,;* H.COPO;* 
Keto Knol Hydrated 
Hydroxypyruvie Acid 3-phosphate 
SO;- 
HC=O 
| + HSO,- = HCOH 
H.COPO;7 
H.COPO;7 


1,2-Dihydroxyethane Sulfonie Acid 2-phosphate 


In order to determine the relative affinities of the p- and L- 
glyceric acid monophosphates p-erythro-dihydroxybutyric 
acid phosphate, the conversions of the 2-phosphates to the 3- 
isomers were followed by the polarimetric assay. Here glyceric 
acid-2 ,3-di-P was present in only catalytic amounts. The re- 
sults of this experiment are shown in Fig. 1. Under these con- 
ditions the L-isomer reacts only very slowly, even with a 1000- 
fold increase in enzyme concentration over that used for the 
p-isomer. The butyric acid phosphate is intermediate in rate. 
The very large difference in rate explains why Meyerhof (25) 
concluded that only the p-isomer ina pL-mixture of glyceric acid 
phosphates was acted upon by the enzyme. 

The transfer experiments with P*-labeled glyceric acid-P 
showed that, in the presence of hydroxypyruvic acid 3-phosphate, 
both inorganic phosphate and an acid labile organic phosphate 
compound were produced. Likewise, with dihydroxyethane sul- 
fonic acid 2-phosphate as the acceptor, radioactive phosphate 
was transferred from glyceric acid-P. By analogy with hydroxy- 
pyruvic acid, hydroxypyruvic acid 3-phosphate can exist in either 
the enol, keto, or hydrated form (26). Which form is the sub- 
strate for the mutase is of interest for steric reasons: the enol form 


TIME minutes 


Fic. 1. Rotation changes as the 2-phosphates of p- and L- 
glyceric acid and dihydroxybutyric acid are acted upon by the 
mutase. Mixtures containing 0.033 m imidazole-HCl buffer pH6.8, 
glyceric acid-2,3-di-P at 5 X 10-5 mM and b- and L-glycerie acid-2-P, 
or p-erythro-2,3-dihydroxybutyric acid 2-phosphate at 0.05 mM were 
incubated at 22°. Enzyme was added to give the dilutions indi- 
cated in the figure, and aliquots of 0.5 ml. were removed at the de- 
sired times and added to 0.5 ml. of 20 per cent ammonium molyb- 
date solution, which serves both to stop the reaction and to 
provide ions for the ‘‘exaltation’’ of rotation. Rotations were 
determined on the resulting solution. FE refers to the dilution 
used for that compound of an enzyme solution containing 30 mg. 
of protein per ml. 


TaBLeE II 

Formation of inorganic phosphate from glyceric acid-2,3-di-P 

To 2 ml. of 0.5 mM imidazole-HCl buffer pH 7.0 were added 0.85 
ml. of 0.035 Mm hydroxypyruvie acid 3-phosphate, 0.40 ml. of 0.015 
M glyceric acid-2,3-di-P, and water to give a final volume of 6.0 
ml. Aliquots were taken as zero time samples; at 15 minutes the 
reaction was started with 10 ul. of crystalline mutase solution (40 
wgm. of protein). All aliquots were 0.5 ml. in volume and were 
added directly to 2.5 ml. of cold acid-molybdate reagent. 


P per 0.5 ml. 
Time 
| Immediately After 60 minutes 

min. | ugm. pem. 

0 | 4.3 6.3 

5 | 4.4 6.5 

7 | 4.0 6.7 
12 | 4.6 6.5 
16 | 5.5 7.8 
21 11.1 18.0 
25 11.5 20.3 
30 12.6 23.0 
45 14.0 21.0 
60 14.2 22.9 


would be unique among the known substrates for the mutase in 
having all its functional groups coplanar. On the other hand, 
the hydrated form, being tetrahedral about carbon 2, is sterically 
similar to the natural substrates. Acceptance of phosphate by 
the different forms should give rise to compounds of different sta- 
bility. Acceptance by the enol hydroxyl would produce an enol 
phosphate, which would be expected to be acid labile (12, 13), 
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III 
Phosphate donors 


Kach l-cm. cuvette contained 1 ml. of 0.1 M imidazole-HCl 
buffer pH 7.0, 0.015 M in MgCl, 0.5 ml. of 3 X 107% Mm phosphory!l- 
enolpyruvate, 0.1 mg. of enolase, and the compound to be tested 
as activator at 1 X 10°°M concentration. The volume was made 
up to 2.90 ml. with water, and sufficient time was allowed for the 
enolase equilibrium to be established before 50 wl. of ervstalline 
mutase diluted 1:5000 with distilled water were added. The 
change in absorbance at 240 mp was then followed. If no ac- 
tivity was present after 10 minutes glyceric acid-2,3-di-P was 
added to the cuvette to check that the system was capable of the 
mutase reaction. Activities are given relative to glyceric acid- 
2,3-di-P which is taken as 100. 


Activity on 
| addition of 


Compound Activity | glyceric 
acid-2,3-di-P 
p-Glycerie acid diphosphate............. 100 | 
p-Erythro-dihydroxybutyrie acid diphos- | | 
p-Glyceric acid 2,3-phosphate......... 0 | 94 
| 


while if the water of hydration accepts the phosphate, the effect 
is acceptance by water, that is, formation of inorganic phosphate. 

The method of Ernster (6) for phosphate determination was 
chosen, as it allows inorganic phosphate to be determined in the 
presence of acid-labile phosphate. Glyceric acid-2,3-di-P and 
hydroxypyruvic acid 3-phosphate were incubated with the mu- 
tase, and aliquots were removed and added to acid molybdate 
previously cooled in ice. The mixture was immediately ex- 
tracted with a cold benzene-butanol mixture, and the phosphate 
in the organic layer was determined. After an hour’s standing 
at room temperature, the acid molybdate was again extracted 
with benzene-butanol and the phosphate determined. The re- 
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sults of this experiment are shown in Table II. They show that 
both inorganic and acid-labile phosphate are formed. Their sum 
(16.3 ug. P per 0.5 ml.) is approximately equal to the value ex- 
pected (15.0 ug. P per 0.5 ml.) if one phosphate from glyceric 
acid-2 ,3-di-P is transferred during the reaction. Since both in- 
organic and acid-labile phosphate were formed, both enol and 
hydrated forms of hydroxypyruvic acid 3-phosphate must have 
accepted phosphate. This explains the low incorporation of P® 
from glyceric acid-P into hydroxypyruvic acid 3-phosphate in the 
radioactive transfer experiment. Hydroxypyruvie acid 3-phos- 
phate, in effect, produces in the mutase a phosphatase activity 
towards glyceric acid-2 ,3-di-P. 


The specificity of the donor compound was tested by assaying © 


its ability to activate the enzyme. In order to eliminate the pos- 


sibility of glyceric acid-2 ,3-di-P contamination of the monophos- | 


phate substrate, synthetic enol-pyruvie acid 2-phosphate was 
used, and glyceric acid-2-P was generated from it with enolase. 


Mutase activity was measured by its effect on the absorbance at | 


240 my of the equilibrated mixture. 


enolase 
(Ienol-pyruvie acid-2-P 
mutase 


glyceric acid-2-P glycerie acid-3-P) 


Of the compounds tested as phosphate donors (Table III) only | 


the diphosphates of p-glyceric acid and p-erythro-dihydroxybu- 
tvric acid were active. 


10-7 m, and the K,, for the glycerate was 2 K 10-8 m. No syn- 


They activated over the range 10-4 to | 


ergistic effects were detected between the compounds in Table — 
III and glyceric acid-2 ,3-di-P when the latter was present at the — 


concentration required for half-maximal activity. 


SUMMARY 


The substrate specificity of phosphoglyceric acid mutase has 
been studied by use of structural analogues of the natural sub- 
strates. 
quired on carbon 1, that carbons 2 and 3 had to carry hydroxyls 
which could take up a p-erythro-configuration, and that one of 
these hydroxyls had to be esterified with phosphate if the com- 
pound were to be active as an acceptor. Both hydroxyls had to 
be phosphorylated if the compound were to act as a donor. 
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Lactic Dehydrogenase 


V. INHIBITION BY OXAMATE AND BY OXALATE* 
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Several years ago one of us (A. J. G.) observed that lactic 
dehydrogenase is inhibited by oxamate, the salt of the half- 
amide of oxalic acid, and found that this inhibition is essentially 
competitive with respect to pyruvate (1). Since that time oxa- 
mate has been studied as a potential inhibitor of glycolysis in 
tumors (2, 3) but extension of the kinetic measurements of the 
phenomenon in this laboratory was deferred until the mechanism 
of the action of the enzyme was better understood and until 
more sensitive analytical methods were available. Since a work- 
ing hypothesis of the mechanism of action of the enzyme has 
been proposed in the preceding paper in this series (4), it is now 
possible to formulate a tentative explanation of the phenomena 
which are observed in oxamate inhibition. 

Measurements of the effects of oxalate as an inhibitor of lactic 
dehydrogenase are also reported since, as detailed in paper VII 
of this series (5), the effects of oxalate and of oxamate upon the 
fluorescent emission of the LDH!-DPNH complex are opposite 
in sign. Although oxalate has been known for a considerable 
time to be an inhibitor of lactic acid oxidation in preparations of 
bacterial cells (6), and while it has been shown that oxalate also 
inhibits heart muscle lactic dehydrogenase (7), the nature of the 
inhibition has been previously investigated only with rat liver 
lactic dehydrogenase. For this enzyme Baptist and Vestling 
(8) have reported that oxalate competes with lactate and that 
it combines with the LDH-DPN complex but not with the free 
enzyme. The present measurements indicate that for beef heart 
muscle lactic dehydrogenase oxalate also competes with lactate. 


EXPERIMENTAL 


Materials—The preparations of beef heart lactic dehydro- 
genase, and of DPN, DPNH, potassium pyruvate, and calcium- 
L-lactate used in the present measurements have been described 
(9,10). Sodium oxalate was a Merck reagent grade product. 

Ethyl oxamate was prepared from diethyl oxalate by the pro- 
cedure of Sah and Chien (11). In early preparations the pro- 
cedure of Oelbers (12), which involves hydrolysis of the alkyl 
oxamate with ammonium hydroxide in boiling solution and isola- 
tion of oxamic acid following acidification, was followed. In 


* This investigation was supported by Grant No. RG-2941 from 
the National Institutes of Health, United States Public Health 
Service. 

t Present address, Department of mackemintyy, Medical Nobel 
Institute, Stockholm, Sweden. 

t Present address, Department of iciititen: Duquesne Uni- 
versity, Pittsburgh, Pennsylvania. 

1 The abbreviations used are: LDH, lactic dehydrogenase; and 
Tris, tris(hydroxymethyl)aminomethane. 


later preparations a suggestion of Dr. 8. P. Colowick? was adopted 
and this hydrolysis was carried out by boiling ethyl oxamate with 
slightly less than one equivalent of potassium hydroxide. This 
modification minimizes the hydrolysis of ethyl oxamate to oxa- 
late, an impurity which is difficult to separate from the desired 
product. 

The free acid was precipitated by the addition of hydrochloric 
acid, washed with a small amount of water, neutralized with 
potassium hydroxide and brought to crystallization as well 
formed needles by the addition of ethanol. The nitrogen content 
of the free acid and of the potassium salt agreed with theory 
(semi micro-Kjeldahl). 

Methods—Measurements of reaction rate in 0.05 m phosphate 
buffer, pH 6.80, were carried out as described by Hakala et al. 
(9). Kinetic measurements in 0.2 ionic strength Tris-Tris -HCl- 
KCl buffers were performed by the procedures described by 
Winer and Schwert (4). 

Kinetic Considerations and Inhibition by Oxamate—It has been 
proposed previously (10) that the reaction pathway for the 
reversible reaction catalyzed by lactic dehydrogenase can be 
represented by: 


1 


5 


ER==—-E+R (1) 
where £ is the enzyme, O and R are DPN and DPNH, respec- 
tively, and Z and P are lactate and pyruvate respectively. Since 
measurements of the kinetics of the over-all reaction yield no 
information concerning the interconversion of the two possible 
ternary complexes, EOL and ERP, the scheme has been simpli- 
fied by including only a single ternary complex, EXY, in the 
scheme. Alberty has shown (13) that the initial reaction velocity 
for the forward direction of the reversible reaction is given by: 


V; 
1+ Ko/O + + Ko,/OL 


(2) 


where V; is the maximal reaction velocity in the forward direc- 
tion of the reaction when the enzyme is saturated with respect 
to both DPN and lactate, Ko and K, are the Michaelis constants 
for DPN and lactate, respectively, and O and ZL are the initial 


2 Personal communication. 


1143 


0. 5 

that 

sum 

‘eric 

1 In- 

and 
lave 

the 

vity 

ying 

pos- | 

hos- 

was 

lase. 

‘e at 

3-P) 
only 

4 to 

syn- 

able 

the , 

has 

sub- 
re- 
xyls 

e of 

d to 

7 
| 

ATT, 
NYS.; 

, an 

ons, 

45, 
)42). 

49). 

siol, 

239 

RB, 74 
| 


1144 Lactic Dehydrogenase. V Vol. 234, No. 5 
2.0- 
A 8.17 x 201 446 x 10° 
4 
1.54 
| 4.09 x1075 
ro 
-|> NONE | —P a 
a 890 X 10-5 
0.57 5- e 4.46 X 1075 
1.78 X 1075 
NONE 


5 6 
1 1974 
p X 10 


6 
L X10 


Fic. 1. Lineweaver-Burk plots showing the effect of the addition of oxamate on the initial reaction velocity when A, DPNH con- 
centration (72) is varied and pyruvate concentration is constant; B, pyruvate concentration (P) is varied and DPNH concentration 
is constant; C, DPN concentration (QO) is varied and lactate concentration is constant; and D, lactate concentration (L) is varied and 


DPN concentration is constant. 


the constants shown in Table II. 


concentrations of these reactants. A oz is a constant which has 
the same operational significance with respect to the product of 
concentrations, OL, as ordinary Michaelis constants do to single 
concentrations of reactants. The definitions of these constants 
have been given by Alberty (13). The expression for the initial 
reaction velocity in the reverse direction of the reaction is wholly 
symmetrical with Equation 2. 

Inspection of Fig. 1B, which is a Lineweaver-Burk plot (14) 
of reciprocal initial reaction velocity against reciprocal pyruvate 
concentration at a single initial concentration of DPNH in the 
presence of various concentrations of oxamate, indicates that the 
slopes of the lines increase much more rapidly with oxamate 
concentration than do the intercepts. For measurements made 
at higher pH values, the change in intercepts is much less than 
that shown in Fig. 1B. This observation is most simply in- 
terpreted by assuming that one action of oxamate as an inhibitor 
is competition with pyruvate. 

Fig. 1A indicates that oxamate is essentially uncompetitive in 
its action toward DPNH. Fig. 1C and 1D, which include meas- 
urements made at higher oxamate concentrations than were used 
for Fig. 1A and 1B, are qualitatively similar to Fig. 1A with the 
exception that, at higher oxamate concentrations, there is an in- 
crease in the slopes of the lines. These increases in slope can be 
accounted foron the assumption that at sufficiently high oxamate 


The concentrations of oxamate are shown on the plots. 
urements made in 0.2 ionic strength Tris-Tris- HCI-KCI buffer, pH 6.40 at 28°. 
All concentrations are in moles per liter and reaction velocities in moles per liter per minute. 


The points are experimental points for meas- 
The lines were calculated from Equations 6 and 7 with 


concentrations a competition of oxamate with both DPN and | 


lactate becomes apparent. These actions of oxamate as an in- 
hibitor can be represented by: 


(3) 
ER + ERI (4) 
E+I1= EI (5) 


The steady state kinetic treatment of Equations 1, 3, 4, and 5 


vields the following expression for the initial reaction velocity in | 


the forward direction in the presence of oxamate: 


V; 
Ko . Kr, . Kor 
L OL (ks + ky) Ky’ (6) 
K,"OL 
The corresponding equation for the reverse reaction is: 
V, 
v= 
Kr . Kp Krp kal 
R P RP (ke + ky) Ky (7) 
Krl Kpl Krel 
K,;"R  Ky,'P K,”RP 
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TABLE I 
Relationships between slopes and intercepts of Lineweaver-Burk plots obtained in presence and in absence of inhibitor 


Plot Into - 
1/v vs. 1/0 :) + :) z 
| | 
1/v vs. 1/P (;- a) + z) x (75) = 


* Int; and Slope; indicate the intercept and slope obtained in the presence of a concentration of inhibitor J. Into and Slopeo are 


the intercepts and slopes found in the absence of inhibitor. 


where J is the concentration of inhibitor and K,, K,’, and K,” 
are the dissociation constants for the dissociation of inhibitor 
from the FOI, ERI, and EI complexes, respectively. 

It is clear from Equation 6 that the slope of a plot of reciprocal 
initial reaction velocity against reciprocal initial lactate con- 
centration in the presence of inhibitor is: 


Slope; = 1/Vs;(Ki + Ko1t/O + + (8) 


From Equation 2 the corresponding slope in the absence of in- 
hibitor is: 


Slopeo = 1/Vs(AK, + (9) 
The ratio of these slopes is: 
K,O I K I 
Slopeo K,O + Kr K,O + Ki 


Thus [(Slope;/Slopeo) — 1]/Z contains as unknown terms only 
the two inhibitor dissociation constants, A; and K,”. 

In practice, the slopes of 1/v versus 1/L plots were measured 
and plotted against inhibitor concentration. The best straight 
line was drawn through the resulting points and the value of the 
ratio, Slope; /Slopeo, was taken from this line. 

The relationships between slopes and intercepts of the various 
plots are summarized in Table I. 

Since the slopes of both 1/v versus 1/O and 1/v versus 1/R 
plots yield values for A,” which are independent of the values 
assigned to the Michaelis constants, the average value of this 
constant was established first and was used in further calcula- 
tions. 

The estimation of numerical values for the other inhibitor 
dissociation constants clearly depends upon the values assigned 
to the Michaelis constants. Values for the various Michaelis 
constants were interpolated from plots of previously published 
values obtained at a variety of pH values in Tris buffer, ionic 
strength 0.2, at 28° (4) and at several temperatures in 0.05 mM 
phosphate buffer, pH 6.80 (9). Substitution of these values for 
the Michaelis constants and of the known initial substrate con- 
centrations into the remaining expressions in Table I yields a 
group of equations which can be solved simultaneously to esti- 
mate the magnitudes of A; and K,’ and of ks/(ks + kz) and 
ki/(ko + ks). The points in Fig. 1 are experimental points. 
The lines were calculated by substituting the values assigned to 


the Michaelis and inhibitor dissociation constants back into 
Equations 6 and 7. Similar experiments were carried out at pH 
6.40, 8.45, and 9.70. The values used for the Michaelis con- 
stants, the initial concentrations of reactants and the values found 
for the inhibitor dissociation constants are summarized in Table 
Il. 

Substitution of the values shown in Table II into the expres- 
sion relating slopes of 1/v versus 1/P plots to oxamate concen- 
tration (Table I) indicates that the contribution of the term 
involving A;” amounts to only a few per cent of the total value 
of the expression. Thus, if the term involving K,” is neglected, 
an error is introduced into the value assigned to AK,’ which is 
certainly much less than the experimental error of the measure- 
ments. 

Measurements made in phosphate buffer at pH 6.80 are tech- 
nically much more difficult than those made in Tris at the same 
pH because the values of the Michaelis constants are somewhat 


TABLE II 


Values used for Michaelis constants and for initial substrate 
concentrations and values found for dissociation constants for 
dissociation of oxamate from EOI, ERI, and EI complezes 
at various pH values in 0.2 ionic strength Tris buffers 


Constant or substrate concentration 


pH 6.40 pH 8.45 pH 9.70 
M M M 

RSENS 2.4X 10? |6.0X 10? | 1.8X 
2.84 X 10-4; 1.21 K 10° | 3.78 XK 10-4 
1.45 XK 1075| 2. 3.3 107-5 
1.0 X 10°74 | 8. 3.2 X 10-3 
3.9 X 107'9 | 5. 4.2 X 10° 
K, (EOI = EO + 1)..| 6.9 X,10-* | 5. 1.1 1072 
Ky’ (ERI=— ER 2.6 X 107° | 1. 1.6 X 1073 
K,” (EI—E+1)..... 1OxX | 2.0 X 10°? 
1.8 1. 1.0 
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Fig. 2. A plot similar to Fig. 1 showing the effects of oxalate on initial reaction velocity when the concentration of each of the fou 
reactants is varied. The points are experimental points for measurements made in 0.2 ionic strength Tris-Tris- HCI-KCI buffer, pH 


8.05, at 28°. 


The lines were calculated from Equations 6 and 7 with the following values for the constants and for the initial constant 
concentrations of reactants: Ko, 6.5 X 107° mM; Kz, 7.0 X 10-3 M; Koz, 1.0 X M; O, 3.84 XK 1074 M; L, 6.03 107° M; Kr, 2.3 & 107° 


M; Kp, 5.5 X M; Kerp, 2.0 X 10-9 mM; 9.20 K 10-5 mM; P, 6.08 XK 107-4 M; 8.7 KX 107° M; 1.9 KX 10-3 M; Ky7”, 2.4 X 1073 M; 


and (ke + k4)/Ka, 4.6. 


smaller in phosphate (4,9). Clear results were obtained in phos- 
phate buffer only when pyruvate concentration was the param- 
eter varied. K,’ was estimated from slope changes of plots of 
1 /v against 1/P in the absence of oxamate and in the presence of 
two concentrations of oxamate, neglecting the contribution of 


TABLE III 


Values used for Michaelis constants and for initial substrate con- 
centrations and values found for dissociation constant of oxalate 
from EOI complex at various pH values in 0.2 tonic strength 
Tris buffers 


Constant or subtrate concentration 
pH 6.05 pH 6.73 pH 8.05* | pH 9.12 
M M M M 
3.4 107 |1.7X 10 | 10-3 | 8.5 x 10-3 
Kou.....| 7.5 X | 3.8 X | 1.0 X 10-* | 1.0 x 10-8 
O........| 6.67 X 10-4 | 6.53 X 10-* | 3.84 X 10-4 | 7.31 x 10-4 
9.2X10°* | 8.4xX | 5.0 X 10-4 


* This is the experiment reported in detail in Fig. 2. The value 
of A; shown here was calculated from the slope of the 1/v versus 
1/L plot alone and the contribution of the K,” term was neglected. 


K,”, and was found to be 9.4 at 18.9°, 1.2 10-5 
at 26°, 1.7 10-5 m at 31°, and 1.8 & at 36.7°. 

Inhibition by Oxalate—Typical results obtained in the presence 
of oxalate at 28° in Tris buffer, pH 8.05, ionic strength 0.2, are 
shown in Fig. 2. It is evident from a comparison of Fig. 2B 
and 2D with Fig. 1B and 1D that oxalate and oxamate act 
reciprocally with respect to competition with pyruvate and 
lactate. 

The points shown in Fig. 2 are experimental points and the 
lines were calculated from Equations 6 and 7 by substitution of 
the values for the various constants and substrate concentrations 
which are shown in the legend to Fig. 2. In this case, the con- 
tribution of the term involving A,’ to the expression relating the 
intercepts of 1 /v versus 1/0 plots to oxalate concentration (Table 
I) is so small that the ratio (k; + k7)/ks cannot be estimated. 
Further, if the values assigned to the various constants are cor- 
rect, the contribution of the term involving K,” to the change of ! 
slope of 1/v versus 1/L plots in the presence of oxalate is only 4 
few per cent of the total slope change. This is clearly analogous 
to the negligible contribution of the term involving K,” to the 
slope changes of 1/v versus 1/P plots in the presence of oxamate. 
It follows that values of A; can be estimated from the slopes of 
1/v versus 1/L plots with negligible additional error if the term — 
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involving K,” is neglected. Table III lists the values found for 
K; at various pH values by the use of the slopes of 1/v versus 
1/L plots alone and by neglecting the contribution of the K,” 
term to these slopes. Four levels of oxalate concentration were 
used for each estimation of A;. 


DISCUSSION 


In view of the sensitivity of Lineweaver-Burk plots with re- 
spect to both experimental and subjective errors, it is quite 
reasonable to question the proposal that oxamate and oxalate 
act as inhibitors by forming three different complexes, EJ, ERI, 
and EOI. The plots shown in Fig. 1 and 2 do appear to indi- 
cate beyond reasonable doubt that oxamate and oxalate act by 
competing with pyruvate and lactate, respectively. If the argu- 
ments (10) that the reaction follows the compulsory pathway 
mechanism shown in Equation 1 are correct, this competition 
must result in the formation of an ERI complex with oxamate 
and of an EOI complex with oxalate. 

Paper VII of this series (5) presents evidence that oxalate also 
forms a ternary ERI complex. While there is no direct evidence 
for the existence of an EOI complex with oxamate, it seems prob- 
able that the ERI complex which is formed with oxalate has an 
analogue in an EOJ complex with oxamate. 

The argument for the existence of an EJ complex rests simply 
upon the increase in slope observed at high inhibitor concentra- 
tions in plots of the type shown in Fig. 2C. 

At the outset of this investigation the oxamate and oxalate 
inhibition of the lactic dehydrogenase system appeared to provide 
a useful tool for the study of the effects of inhibitors on reaction 
rates from both sides of a reversible reaction. Grossly, as was 
expected, inhibitors which are essentially competitive with re- 
spect to one substrate are noncompetitive or uncompetitive with 
respect to the other substrate and to the oxidized and reduced 
coenzymes. <A point which was not anticipated, but which is 
clear from theoretical considerations, is that the action of an 
inhibitor which competes with the second reactant in a com- 
pulsory reaction pathway cannot be characterized by the same 
constant for the forward and reverse reactions. Specifically, if 
it is assumed that in the present case the only action of an in- 
hibitor is to form an EOI complex, Equation 6 reduces to: 


V; 


1+ Ko/O0+ K,/L+ Kot/OL + 


and Equation 7 reduces to: 


12 
Kr/R + Kpe/P +Krp/RP + kil + Ky 


In plots of experimental data the rate of increase of the intercepts 
of both 1/v versus 1/R and of 1/v versus 1/P plots with increasing 
inhibitor concentration will be characterized by the same con- 
stant, but this constant will not be identical with that which 
characterizes the rate of increase of slope of the 1/v versus 1/L 
plot. The exception to this generalization is obviously the case 
in which ky is much less than fy so that the ratio ky/(ke + ky) 
has a value approaching unity. 

This behavior has been observed with the present data in that, 
if the best values estimated for the Michaelis constants in pre- 
vious studies (4) are substituted into the relations shown in 
Table I, the same value of K,’ cannot be used for the slopes of 
1/v versus 1/P plots and for the intercepts of 1/v versus 1/L 
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plots in the presence of oxamate, nor will the same value of Kr 
satisfy the relations for the slopes of 1/v versus 1/L plots and the 
intercepts of 1/v versus 1/P plots in the presence of oxalate. 
While this interpretation depends heavily upon the values pre- 
viously assigned to the Michaelis constants, quite large changes 
in the values of the Michaelis constants would be required before 
the same values of K; and of K,’ could be used for both sets of 
plots. 

This interpretation results in values for the ratios (ko + ky) /ks 
and (k; + kz)/ks which are different than unity. In previous 
studies it was concluded that kz, the rate of dissociation of DPNH 
from the LDH-DPNH complex was the limiting reaction velocity 
in the forward direction of the reversible reaction (4). From 
the present results it appears that k; and k; are of the same 
order of magnitude. In view of the fact that estimations of 
velocities of individual steps and of the magnitude of the ratio 
(k; + kz)/ks are derived from lengthy treatments of the primary 
data, this order of disagreement is not surprising. 

The effects of pH upon K,, K,’, and K,” for oxamate and 
upon A; for oxalate are essentially the same as the effect of pH 
upon Kp, the Michaelis constant for pyruvate. This point is 
illustrated graphically and is discussed in detail in paper VII of 
this series (5). The constant which characterizes inhibition by 
high concentrations of pyruvate? also varies in a similar way with 
pH (4). 

This concurrence of the effects of pH upon the inhibitor dis- 
sociation constants and upon Kp might be taken to indicate that 
Kp is essentially a simple dissociation constant. This conclusion 
is ruled out, however, by the observation that the value of AH 
for the dissociation of oxamate from the LDH-DPNH-oxamate 
complex, calculated from the values estimated for K,’ at various 
temperatures in pH 6.80 phosphate buffer, is 6.9 + 0.3 kilo- 
calories per mole. The apparent value of AH for the dissocia- 
tion of pyruvate from the LDH-DPNH-pyruvate complex, cal- 
culated from values previously reported for Ap in the same 
buffer (9), is 18.8 + 0.9 kilocalories per mole. If Kp were de- 
termined essentially by the reaction rates for the reversible 
dissociation of LDH-DPNH-pyruvate complex into LDH- 
DPNH complex and free pyruvate, these values of AH would be 
expected to be essentially identical. 


SUMMARY 


The inhibitory action of oxamate, the salt of the half-amide of 
oxalic acid, and of oxalate upon the reversible reaction catalyzed 
by beef heart muscle lactic dehydrogenase has been investigated. 
Oxamate acts principally by competing with pyruvate by com- 
bining with the enzyme-reduced diphosphopyridine nucleotide 
complex to form an inactive ternary complex, and oxalate acts 


3 The relation of the inhibition observed at high concentrations 
of pyruvate to the various complexes proposed for oxamate and 
oxalate is not clear. Three possible expressions for pyruvate 
inhibition can be generated by assuming, in turn, that only one of 
the three inhibitor dissociation constants used in Equation 7 is 
finite and by replacing J by P. A fourth expression can be gener- 
ated by assuming that an inactive ERP», complex is formed (cf. 
Equation 1). The latter turns out to have the same form as the 
equation which results when it is assumed that only K,; in Equa- 
tion 7 is real. Plots of 1/v versus 1/F at noninhibitory and at in- 
hibitory levels of pyruvate have constant slopes, but the inter- 
cepts increase as the concentration of pyruvate is increased. 
This behavior is consistent with the existence of either EOP or 
ERP? inactive complexes but is not consistent with the existence 
of an inactive EP complex. 


5) 

fou 

pH 
tant 

ence 
are 

_ 2B 

act 

and 

the 
yn of 

ions / 

con- 
the 

able 
ited. 

cor- 

ly a 
gous 
the 

1ate. 

of 

erm 


1148 


principally by competing with lactate. There are indications, 
however, that each inhibitor also forms an inactive complex with 
the enzyme itself and with the enzyme-coenzyme complex con- 
taining coenzyme in the other oxidation state. All of the con- 
stants characterizing the dissociation of the inhibitor from its 
complexes increase markedly with pH in the range between pH 
6 and pH 10. 


ADDENDUM 


Ottolenghi and Denstedt (15), with the use of an enzyme prep- 
aration from rabbit erythrocytes, have also reported recently 
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that oxalate competes with lactate but not with pyruvate. To 
account for this finding, these workers propose that there are 
separate binding sites on the enzyme surface for lactate and for 
pyruvate. In our model this hypothesis is not necessary. The 


location of the binding site for lactate and for pyruvate is pre- | 


sumably the same as regards the geometry of the enzyme surface — 


and in part in the bound coenzyme. Since DPN and DPNH 
differ in both steric and chemical properties, the configuration of 
the binding site for substrate or inhibitors on the enzyme-DPN 
complex is quite different from that on the enzyme-DPNH com- 
plex. 
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Boyer and Theorell (1) have reported that the fluorescent 
emission spectrum of DPNH is increased in intensity and that 
the wave length of maximal emission is shifted to shorter wave 
lengths in the presence of horse liver alcohol dehydrogenase. 
These changes in spectral properties were interpreted by these 
workers as manifestations of an alcohol dehydrogenase-DPN H! 
complex. Recently, Duysens and Kronenberg (3) have reported 
similar changes in the fluorescent spectrum of DPNH in the pres- 
ence of yeast aleohol dehydrogenase (3) and similar effects with 
heart muscle lactic dehydrogenase (4) and beef liver glutamic de- 
hydrogenase (5) have been reported from this laboratory.2_ The 
spectral changes observed in each case are qualitatively similar 
in that the wave length of maximal emission of DPNH when 
activated by light having a wave length of 340 my, is shifted 
from 465 to 470 my to 445 to 450 my for yeast and liver* alcohol 
dehydrogenase and for heart muscle lactic dehydrogenase and to 
455 to 460 my for glutamic dehydrogenase. Further, the in- 
crease in intensity of fluorescent emission is approximately two- 
fold in each case, although, as indicated in detail in this paper, 
this augmentation is strongly dependent upon temperature, pH, 
and the nature of the buffer used. 

This paper further reports the stoichiometry and apparent 
dissociation constants of the heart muscle LDH-DPNH complex. 
An accompanying paper is concerned with ternary complexes 
formed between the LDH-DPNH complex and a variety of 
mono- and dibasic acids. 


* This investigation was supported by research Grants No. RG 
294] and No. RG 4658 (S2) from the National Institutes of Health, 
United States Public Health Service. These results were pre- 
sented in part at the meeting of the Federation of American So- 
cieties for Experimental Biology, April 14 to 18, 1958. 

+ Present address, Department of Biochemistry, Medical Nobel 
Institute, Stockholm, Sweden. 

1 The abbreviations used are: LDH, lactic dehydrogenase; Tris, 
tris(hvdroxymethyl)aminomethane; CMB, p-chloromercuriben- 
zoate; and acetylanalogue, the analogue of DPNH in which the 
carboxamide group of the nicotinamide ring has been replaced by 
an acetyl group (2). 

2 We have observed similar spectral changes with a Worthing- 


ton Biochemical Corporation preparation of rabbit skeletal mus- 


cle lactic dehydrogenase and with the rat liver enzyme. The rat 
liver enzyme was a gift from Dr. Carl 8S. Vestling. 

3 With liver alcohol dehydrogenase the activation wave length 
for maximal fluorescent emission is shifted from 340 my to 325 to 
330 my (5). A similar shift in the absorption spectrum of liver 
enzyme-DPNH complex has been observed by Theorell and Bon- 
nichsen (6). ° In the case of heart muscle lactic dehydrogenase, the 
alteration in the absorption spectrum is very small (7), but the 
wave length of maximal activation is shifted to about 335 my (8). 


EXPERIMENTAL 


Materials 


Enzyme—All reported spectral measurements were made with 
the more rapidly migrating electrophoretic component of erystal- 
line lactic dehydrogenase prepared as described previously (9). 
This material was stored at 5° as a suspension of crystals in half- 
saturated ammonium sulfate adjusted to pH 6.8 with phosphate 
buffer. Under these conditions the preparation is stable for a 
period of months. | 

Stock enzyme solutions were prepared by collecting the crystals 
by sedimentation, solution in 0.1 mM phosphate buffer, pH 6.80, 
and dialysis against a large volume of buffer to remove the 
residual ammonium salts. Stock solutions, after dilution with 
phosphate buffer to the concentration range suitable for fluores- 
cence measurements, are stable for a period of a few days at 5°. 

The molecular weight was taken as 135,000 (10) and the ab- 
sorbancy index at 280 my was taken as 19.3 < 104 em. per mole 
per liter (11). 

Reagents—The preparation of DPNH and of potassium pyru- 
vate has been described (9). CMB, ADP, and TPNH were 
purchased from the Sigma Chemical Company. The CMB was 
purified by the procedure described by Boyer (12). DPN was a 
Pabst product; glutathione, adenine, and adenosine were pur- 
chased from the Schwarz Laboratories; cysteine was purchased 
from the Mann Chemical Company and 1 ,10-phenanthroline was 
an Eastman product. N-methyl-nicotinamide iodide was pre- 
pared by the method of Holman and Wiegand (13), converted 
to the chloride on a column of the chloride form of Dowex 1, and 
reduced by the procedure of Karrer and Blumer (14). 

Tris, purchased from the Sigma Chemical Company, was re- 
crystallized twice from methanol-water solutions to reduce the 
fluorescence of the buffer solutions. In the preparation of Tris 
buffers, the Tris component was held constant at 0.2 m, the pH 
was adjusted by titration with hydrochloric acid, and potassium 
chloride was then added to bring the final ionic strength to 0.2. 

Phosphate buffers were prepared from reagent grade sodium 
salts. 


Methods 


Fluorescent spectra were recorded with an Aminco-Bowman 
spectrophotofluorometer (15) equipped with a Moseley model 3 
X-Y recorder. One-cm. quartz cuvettes containing approxi- 
mately 1 ml. of solution were used for spectral measurements. 
Since a large amount of heat is conducted from the light source 
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Fria. 1. Representative fluorescent spectra obtained upon titra- 
tion of lactic dehydrogenase with DPNH. Curves having max- 
ima at 465 to 470 mu are tracings made after successive additions 
of 0.03-ml. portions of 1.86 & 107-5 m DPNH in pH 6.94 phosphate 
buffer, ionic strength 0.2 to 1 ml. of the same buffer. Curves 
designated with primed numbers are for identical additions made 
to 1 ml. of 8.3 & 1077 M enzyme in the same buffer. The fluores- 
cence spectra of the buffer and enzyme solution are also shown. 
Temperature, 9.3°; activating light, 340 mx. 


300 350 550 


to the cell compartment, the cell block was surrounded by a 
water jacket.4 For temperatures above 18°, satisfactory regula- 
tion could be achieved for a period of 1 to 2 hours by circulating 
water from a regulated water bath through the water jacket but 
after this period of time, the lamp had to be turned off to allow 
the instrument to cool. For temperatures below 18°, the tem- 
perature of the circulating fluid had to be much lower than that 
desired in the cuvette. Measurements made at 9° were carried 
out by pumping alcohol at —15° through the jacket and turning 
the lamp off when measurements were not being made. Tem- 
perature measurements on the cell contents were made at fre- 
quent intervals with a probe electronic thermometer.® In the 
experiments reported the temperature variation was limited to 
a few tenths of a degree. 


The slits defining the activation and emission beams were 


combinations of 4- and ,),-inch widths. The slit limiting the 
light incident on the photomultiplier tube was 3!, inch in width. 
An RCA 1P28 photomultiplier was used to measure the intensity 
of fluorescent emission. The meter multiplier setting on the 
photomultiplier microphotometer which is supplied as part of the 
instrument was set at 0.003 or 0.01. Sensitivity settings were 
varied from full counter-clockwise to one-half turn clockwise, 
depending upon the concentrations of lactic dehydrogenase and 
DPNH used ina particular experiment.® These settings were not 


4 Since three faces of the cell must be left unobscured, the con- 
struction of « water jacket is a technical problem of some diffi- 
culty. The device in use was constructed by Mr. Thomas B. Orr 
of the Department of Surgery Instrument Shop, Duke University 
Medical Center. 

> Supplied by Tri-R Instrument Company, Long Island City, 
New York. 

6 These experimental details are supplied because this instru- 
ment gives only relative values of fluorescent emission. Duplica- 
tion of the results is dependent upon duplication of the instrument 
settings and upon the stability of the xenon are lamp used as a 
light source. Our present experience indicates that the xenon 
are used for the measurements reported here and in the following 
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altered when direct comparisons between measurements were in- 
tended. 

Fluorescence intensities are reported in terms of recorder de- 
flection in inches. A 1-volt setting was used on the X-range and 
50 mv. on the Y-range of the recorder. 

As supplied, our instrument, like that used by Sprince and 
Rowley (16), had errors of about 15 my in wave length calibra- 
tion. The mirror assemblies and cam follower arms of the 
monochromators were adjusted until the wave length scales gave 
correct readings, within the error of setting the scales, for the 
principal emission lines of a low pressure mercury arc. 

For the experiments reported, the activating wave length was 
kept constant at 340 my, the activation wave length which gives 
rise to maximal fluorescence of DPNH at 465 to 470 mu. 

Preliminary experiments indicated that the intensity of fluores- 
cent emission of the LDH-DPNH complex decreases by 10 to 20 
per cent per hour when the complex is exposed to the activating 
radiation. Therefore, the shutter between the activation mono- 
chromator and the cell compartment was kept closed except for 
periods in which measurements were made. 

Titration experiments were performed by diluting 0.1 ml. of 
the stock enzyme solution with 0.9 ml. of the desired buffer in a 
l-cm. quartz cuvette. The solution was allowed to stand in the 
cell compartment until temperature equilibration had occurred 
and the fluorescence spectrum of the enzyme solution was re- 
corded. The spectrum was again recorded after each addition 
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of small, equal volumes of a relatively concentrated DPNH solu- . 


tion in the same buffer. The volume of DPNH solution used 
for each addition varied from 2 yl. to 30 ul., depending upon the 
concentration of lactic dehydrogenase used. The DPNH solu- 
tion was delivered from a microburette and was transferred to 
the enzyme solution with a fine glass rod. Since a complete 
titration could be carried out in less than 30 minutes, enzyme 
inactivation was negligible. 

At the end of the titration of lactic dehydrogenase with DPNH, 
spectra were recorded when an identical series of DPNH addi- 
tions was made to 1 ml. of buffer solution so that the increase in 
fluorescent emission at each level of DPNH concentration could 
be seen. 

The precaution followed in previous measurements (17) of ex- 
posing DPNH to phosphate buffers having pH values less than 7 
for the briefest possible periods of time, was also observed in the 
present measurements. 


RESULTS 


A typical titration experiment is shown in Fig. 1. Inspection 
of the figure indicates that when DPNH is added to phosphate 
buffer, the intensity of fluorescent emission is proportional to 
DPNH concentration’ and that the wave length of maximal 
emission remains constant as the concentration of DPNH_ is in- 
creased. It is also apparent that when DPNH is added to the 
dehydrogenase solution, the wave length of maximal emission 
is shifted to about 445 my and the intensity of fluorescence 1s 


paper was much more stable than the replacement lamps we have 
used. 

7 Recorder deflection increases linearly with DPNH concentra- 
tion, under the conditions used for these measurements, up to a 
concentration of about 5 X 107° mM. Above this concentration, 
concentration quenching is observed. Since the highest concen- 
trations of DPNH used in titration experiments were about one- 
tenth this value, concentration quenching did not influence the 
measurements. 
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increased relative to that of DPNH alone. As succeeding addi- 
tions of DPNH solution are made, however, the increment in 
intensity diminishes and approaches that observed with DPNH 
alone. Further, at higher concentrations of added DPNH, the 
wave length of maximal emission increases and approaches that 
of DPNH itself. As reported earlier (4), the addition of pyru- 
vate to the enzyme-DPNH solution results in a rapid change to 
the spectrum of the enzyme alone. No change occurs in the 
fluorescence spectrum of either enzyme or DPNH when pyruvate 
is added to separate solutions of these compounds. The addi- 
tion of a boiled solution of enzyme to DPNH results in simple 
addition of the spectra of the separate solutions. 

The results illustrated in Fig. 1 are clearly consistent with the 
hypothesis that lactic dehydrogenase has a limited number of 
binding sites for DPNH and that these sites become essentially 
saturated as DPNH concentration is increased. As saturation 
of the sites is approached, further additions of DPNH reflect 
the fluorescent behavior of free DPNH. An estimation of the 
number of binding sites and of the intrinsic dissociation constant 
of the enzyme-DPNH complex is based upon the assumptions 
that the intensity of emission of the complex, like that of DPNH 
alone, is proportional to its concentration and that the binding 
sites for DPNH are independent. The latter assumption is not 
unreasonable since the binding sites for DPN have been shown 
to be independent within the error of measurement of binding 

11). 

| lh a plot of recorder deflection, corrected for the deflection 
produced by the buffer alone, against DPNH concentration is a 
straight line, the slope of this line, 8, may be taken as the ‘‘molar 
emittance’ of DPNH thus: 


B = D/(R) (1) 


where D is the corrected recorder deflection and (R) is the con- 
centration of DPNH. 

The recorder deflection observed when DPNH is added to 
lactic dehydrogenase solution, measured at the wave length of 
maximal emission of enzyme-DPNH complex, 445 mu, and cor- 
rected for the emission of the enzyme solution alone, is given by: 


D' = B(R) + B'(ER) (2) 


where @’ is the ‘molar emittance” of the complex and (ER) is its 


concentration. It follows that: 
D’ = B[Ry — (ER)| + B'(ER) (3) 
and that: 
D’ — BRo F 
ER) = = — (4) 


The symbols F and y, defined by Equation 4, are introduced to 


simplify later expressions. 
The expression for the dissociation constant of the complex 


may be written: 
K = (E)(R)/(ER) = (nEo — F/y)(Ro — F/y)/(F/y) (5) 


where n is the number of binding sites for DPNH per mole of 
lactic dehydrogenase, and Eo and Rp are the total concentrations 
of enzyme and DPNH, allowance being made for the dilution of 
the enzyme solution by the additions of DPNH solution. Equa- 
tion 5 may be rearranged: 


8 Unlike the molar absorption index, 8 is a constant only for 
constant values of the various instrument settings. 
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Ro/F = 1/y + K/(nEoy — F) 


In this form a plot of Ro/F against 1/(nEoy — F) should yield a 
straight line of intercept 1/y and of slope K if an appropriate 
value is assigned to nEoy for the concentration of enzyme present 
at the beginning of the titration. Inspection of plots of F 
against Ry enabled the assignment of approximate values to 
nEvy. These values were adjusted by trial until satisfactorily 
linear plots resulted. These plots are concave downward if the 
value assigned to nEoy is too small and concave upward if the 
value assigned is too large. This treatment of the data is some- 
what arbitrary but has the virtue that the nature of the sub- 
jective errors is clear. 

No account was taken of the fact that chemically reduced 
DPNH contains approximately 10 per cent of the enzymatically 
unreactive a-isomer of DPNH (18). If, however, the value of 
B is the same for both isomers, it can be shown that the effect of 
this impurity will be to reduce K by about 10 per cent. Since 
the error of estimation of K is much larger than 10 per cent, this 
omission is of no consequence. 

Effect of Temperature—Titrations were performed at four tem- 
peratures by adding 5 wl. volumes of 1.08 « 10-4m DPNH solu- 
tion to 1 ml. of 4.13 x 10-7 m lactic dehydrogenase in pH 7.08 
Tris buffer, ionic strength 0.2. Inspection of the recorder trac- 
ings made it apparent that the spectral effects diminish sharply 
with increasing temperature. Treatment of the results by the 
method outlined revealed no consistent trend in n or K but did in- 
dicate pronounced changes in as well as in 8. The lines in Fig. 
2 were calculated by use of the mean values of n and K, 3.7 and 
2.5 X 10-7 M, respectively, and the values of 8 and @’ shown in 
Fig. 3. Asimilar experiment was carried out in phosphate buffer, 
pH 6.94, ionic strength 0.2. The value of 8 was found to be 
identical in the two buffers over the temperature range used. 
The value of 8’ appears to be approximately 15 per cent larger 
in phosphate than in Tris but the variation with temperature is 
essentially identical. 

The variation of 8 with temperature over the range from 9 to 
33° was measured in pH 6.01 acetate, pH 6.01 phosphate, pH 
6.05 Tris, pH 8.92 phosphate and pH 8.92 Tris buffers all at 0.2 
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Fic. 2. Plot of increments in intensity of fluorescence due to 
presence of lactic dehydrogenase (Ff, defined by Equation 4) 
against concentration of added DPNH. The points are taken 
from heights of the spectral curves, measured at 445 my, and the 
lines were calculated by use of Equation 5 with n = 3.7, K = 
2.5 X 1077 M, and values of 8 and of 8’ taken from Fig. 3. 
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Fic. 3. Values of ‘‘molar emittances’’ of DPNH (8) and of 
LDH-DPNH complex (8’) from titration experiments carried out 
at the temperatures indicated in pH 7.08 Tris buffer, ionic strength 
0.2. Activation wave length 340 my. Heights of spectral curves 
were measured at 445 my, the wave length of maximal emission of 
the LDH-DPNH complex. | 


ionic strength. In each case the variation is similar to that 
shown in Fig. 3 in that the value of 6 decreases essentially 
linearly with increasing temperature and has a value at 33° which 
is approximately 55 per cent of that at 9°. 

Since, as indicated below, the estimation of @’ at higher pH 
values is subject to large uncertainties, quantitative data on the 
variation of this parameter with temperature at more alkaline 
pH values are not available. Qualitatively it appears that at 
pH 8.90, as at pH 7.08, 8’ varies much more rapidly with tem- 
perature than does 8. 

Effect of pH and of Buffer Salts—Measurements made at 19° 
in 0.1 m histidine buffers having pH values of 4.99, 6.01, 6.70, 
and 7.50 indicate that 8 is independent of pH in this range of 
pH. Measurements made in Tris at pH 8.90 and 9.80 yielded 
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Fic. 4. Plot of increments in intensity of fluorescence due to 
presence of lactic dehydrogenase against concentration of DPNH 
for a titration performed in pH 9.80 Tris, ionic strength 0.2 at 
12.5°. The points are taken from heights of the spectral tracings, 
measured at 445 mu. The line was calculated by use of Equation 
5 and the constants given in the text. 
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somewhat scattered results which, however, exhibit no trend. 
It is concluded that @ is essentially independent of pH. 

Measurements made within a few hundredths of a unit of pH 
6.0 in 0.1 m histidine and in acetate, phosphate, and Tris buffers 
at ionic strength 0.2 gave identical values for 8. It was noted 
above that identical values of 8 are observed in Tris and in 
phosphate at approximately pH 7.0. 

Titration of lactic dehydrogenase with DPNH in acetate buff- 
ers yielded anomalously high values for 8’. As detailed in the 
following paper, this effect is believed to arise from the forma- 
tion of an LDH-DPNH-acetate ternary complex. 

The vaiue of K was found to increase markedly as the pH was 
increased in either Tris or phosphate buffers. Fig. 4 shows the 
variation in F (defined by Equation 4) with concentration of 
added DPNH for an experiment carried out in pH 9.80 Tris 
buffer at 12.5°. In this experiment 10-ul. additions of DPNH 
solution were made to | ml. of an enzyme solution whose initial 
concentration was 9.15 xX 10-7 m. The points indicate that, 
despite the dilution of the system by the large number of addi- 
tions of DPNH solution, the fluorescent emission continues to 
rise at a rate higher than could be accounted for by the increase 
in DPNH concentration. It can thus be inferred that even 
though the ratio of DPNH concentration to lactic dehydrogenase 
concentration at the last addition is approximately 8, combina- 
tion of lactic dehydrogenase with DPNH_ is still increasing as 
DPNH concentration is increased. The data were treated by 
the procedure described above. Clearly, in experiments in which 
a close approach to saturating levels of DPNH is not possible, 
long extrapolations must be made in estimating the various 
constants characterizing DPNH-binding and the constants are 
subject to large uncertainties. The curve shown in Fig. 4 was 
calculated for n = 3.6 and A = 1.87 10-§m. The best value 
for nEoy, obtained by substituting the value of Zp before dilution 
by addition of DPNH solution, is 13 inches. Other titrations 
in this range of pH were consistent in indicating that n has 
essentially the same value as was found from measurements made 
in the region of neutrality, but A is of the order of 10 times larger. 

Effect of TPNH and of Purine and Nicotinamide Derivations— 
The effects of TPNH and of DPNH were compared in solutions 
containing 4.3 mM reduced pyridine nucleotide and 10-° 
M lactic dehydrogenase in pH 5.98 phosphate buffer at 20°. The 
augmentation of fluorescence produced by DPNH is approxi- 
mately five times as large as that produced with TPNH. The 
addition of DPNH to the enzyme-TPNH system resulted in a 
marked increase in fluorescence. 

Adenine and adenosine in final concentrations of 10-3 m have 
no effect upon the fluorescent spectrum of the enzyme-DPNH 
complex nor do they form a detectable complex with the enzyme. 
Adenosine diphosphate does not form a detectable complex with 
the enzyme but it does result in half-quenching of the fluorescence 
of the enzyme-DPNH complex at a concentration of 10-4 M. 

Reduced N-methyl-nicotinamide, which fluoresces strongly at 
470 my when it is activated by 340 my radiation,® does not form 
a complex with LDH nor does it affect the emission of the en- 
zyme-DPNH complex. 

DP™ does not fluoresce nor do small concentrations of DPN 
quench the fluorescence of DPNH. However, the addition of 


® The absorption maximum of reduced N-methyl-nicotinamide 
is at 360 mu. 340 my was used as the activating wave length so that 
the effect of reduced N-methyl-nicotinamide on LDH-DPNH 
complex formation could be detected. 
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5-ul. portions of a 3.2 X 10-3 Mm solution of DPN to 1 ml. of a 
solution which was 3.7 X 10-° Mm with respect to lactic dehydro- 
genase and 2.0 X 10-4 m with respect to DPNH in 0.2 ionic 
strength phosphate buffer, pH 6.4, resulted in essentially linear 
diminution of the fluorescence of the enzyme-DPNH complex. 
If it is assumed that the enzyme is essentially saturated with 
DPNH before any DPN is added, that 4 moles of DPNH are 
bound by 1 mole of enzyme, and that quenching arises from the 
displacement of DPNH from the enzyme surface by DPN, this 
result can be used to calculate that the ratio of the dissociation 
constant of the LDH-DPNH complex to that for the LDH-DPN 
complex is of the order of 107°. 

Effect of 1,10-Phenanthroline and of p-Chloromercuribenzoate— 
The addition of 1,10-phenanthroline in concentrations as high 
as 6 X 10-4 m does not alter the fluorescence of the preformed 
enzyme-DPNH complex, nor does incubation of this reagent with 
the enzyme for 10 minutes before the addition of DPNH prevent 
the formation of the complex. Since 1,10-phenanthroline has a 
strong fluorescence at 445 my when it is activated by 340 mu 
light, the effect of higher concentrations could not be tested. 
The addition of 3 X 10-4 M zine sulfate has no effect upon the 
fluorescence of the enzyme-DPNH complex. 

The addition of CMB appears to result in a slow dissociation of 
DPNH from the LDH-DPNH complex. At the end of 1 hour in 
pH 6.98 phosphate buffer at 26°, 1.35 x 10-4m CMB alters the 
spectrum of 9.2 10-7 lactic dehydrogenase in 4.14 X 
DPNH to essentially that of DPNH itself both with respect to 
intensity of emission and wave length of maximal emission. 
Glutathione or cysteine, added in a final concentration of 10-3 M 
restores 15 to 20 per cent of the fluorescence of the complex and 
shifts the wave length of emission back to 445 to 450 mu. 

It has been observed previously that DPNH protects LDH 
against inactivation by CMB (11, 17). Fluorescence measure- 
ments also indicate the LDH-DPNH complex to be more stable 
in the presence of CMB than is LDH itself. In a typical experi- 
ment, 10-° m LDH was treated with 3.5 10-4 mM CMB for 20 
minutes at 23° in pH 8.5 phosphate buffer. At the end of this 
period, DPNH was added to a final concentration of 3.6 « 10-6 
M. Measurement of fluorescent emission indicated that only 
half as much LDH-DPNH complex was formed as remained in a 
solution in which LDH, DPNH, and CMB, at the same con- 
centrations, were incubated together for the same period of time. 

Other Observations—Shifrin and Kaplan (19) have reported 
that the 350 my fluorescence of LDH, which is observed when 
the enzyme solution is activated by 288 my light, is quenched by 
the acetylpyridine analogue of DPNH. Since the 350 my fluores- 
cence could not be duplicated by a mixture of aromatic amino 
acids, Shifrin and Kaplan concluded that the 350-my emission 
has its origin in a specific structural feature of lactic dehydro- 
genase. In connection with measurements of the fluorescence 
spectra of a variety of amino acids, we have observed that the 
principal features of the fluorescence spectrum of lactic dehydro- 
genase are reproduced by solutions of tryptophan which are 
activated by radiation of wave length 280 mu to 290 mu. 


DISCUSSION 


While the spectra shown in Fig. 1 indicate the existence of an 
LDH-DPNH complex, it is not apparent that the fluorescent 
complex is identical with the enzymatically active enzyme- 


“The maximal fluorescence of 1,10-phenanthroline occurs at 
365 mu when it is activated by light of 325 my wave length. 
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DPNH complex. Strong support for the identity of the two 
complexes is provided, however, by the observations that CMB 
destroys both the enzymatic activity of lactic dehydrogenase (17) 
and also its ability to form the fluorescent complex, and by the 
fact that the attack of CMB on both the enzymatic activity (11, 
17) and upon the ability to form the fluorescent complex is 
retarded by DPNH. It seems quite possible that this protective 
effect has its origin in the bonding of sulfhydryl groups on the 
enzyme surface to the quaternary nitrogen in the pyridinium 
ring of a DPNH molecule as has been suggested by van Eys 
et al. (20) for yeast alcohol dehydrogenase. 

Since the “molar emittance” of the LDH-DPNH complex 
cannot be established independently, one set of spectral data 
must serve for the approximation of this constant, of the maxi- 
mal number of binding sites for DPNH, and also of the intrinsic 
dissociation constant of the enzyme-DPNH complex. Con- 
sequently, the weight which can be assigned to the values of 
these constants is not great. In view of the observation that 
DPN and DPNH appear to compete for the same binding sites 
on the enzyme surface, the present conclusion that 3 to 4 moles 
of DPNH are bound by 1 mole of lactic dehydrogenase is con- 
sistent with previous observations that 3.6 moles of DPN are 
bound by one mole of enzyme (11), that 4 moles of DPN-bi- 
sulfite complex are formed with one mole of lactic dehydrogenase 
(27), and that 4.25 moles of the DPNH acetyl analogue combine 
with 1 mole of enzyme (22). 

Further, the point illustrated in Fig. 2 that the intrinsic 
dissociation constant of the complex is invariant with tempera- 
ture is consistent with the deduction previously made from 
kinetic data (9). The inference from the present results that the 
dissociation constant of the LDH-DPNH complex increases 
rapidly with increasing pH is also entirely consistent with con- 
clusions previously reached from kinetic data (17). 

The slight enhancement of fluorescence produced by inter- 
action of lactic dehydrogenase with TPNH, compared to that 
produced with DPNH, and the fact that DPNH, when added to 
the LDH-TPNH system, produced an enhancement of intensity, 
suggest that the dissociation constant for TPNH is much larger 
than that for DPNH. This conclusion is consistent with Meis- 
ter’s observation (23) that the LDH-catalyzed reduction of 
pyruvate proceeds about 220 times faster with DPNH than with 


TPNH. 


The failure of reduced N-methyl-nicotinamide to form a com- 
plex or to interfere with the formation of the LDH-DPNH com- 
plex is consistent with the observation that this compound does 
not compete with DPNH in the reduction of pyruvate. 

The failure of adenine or of adenosine to quench fluorescence 
of the enzyme-DPNH complex and the quenching by adenosine 
diphosphate suggest that the pyrophosphate grouping is essential 
for strong interaction with the enzyme. Van Eys et al. (20) have 
recently suggested that in the case of yeast alcohol dehydro- 
genase, which is known to depend upon enzyme-bound zine for 
its activity (24), the pyrophosphate group of the pyridine nucleo- 
tides is chelated to zinc. Although zinc has also been reported 
to be present in heart muscle lactic dehydrogenase (25), the fail- 
ure of 1,10-phenanthroline to inhibit either enzymatic activity 
(26) or the ability to form a fluorescent complex makes it im- 
probable that zine plays a similar role in LDH. The fact that 
zinc is not essential to the action of the dehydrogenases is em- 
phasized by the failure of Tereyama and Vestling (27) to find 
zinc in rat liver lactic dehydrogenase. 
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The inference that DPNH is bound approximately 100 times 
more tightly by lactic dehydrogenase than is DPN is consistent 
with previous conclusions regarding the dissociation constants of 
these compounds from the enzyme surface (11, 17). 

There are, however, discrepancies between conclusions drawn 
from these measurements and those previously arrived at from 
kinetic results. The first of these is that the values of the dis- 
sociation constants, deduced from the present measurements, are 
smaller than those derived from kinetic measurements made 
under comparable conditions of pH, temperature, and ionic 
strength (11, 17). Also, previous work has indicated that the 
dissociation constant of the LDH-DPNH complex is larger in 
Tris buffer than in phosphate buffer (17). At present these 
discrepancies cannot be explained. 

Shifrin and Kaplan (19) have found a very striking enhance- 
ment of fluorescence accompanying the formation of LDH- 
acetyl analogue complex. However, these workers did not de- 
tect the formation of an LDH-DPNH complex. Since the mole 
ratio of DPNH to lactic dehydrogenase in the experiment of 
Shifrin and Kaplan was approximately 32, it seems possible that 
the enhancement of fluorescence resulting from the formation of 
the LDH-DPNH complex was largely obscured by the fluores- 
cence of free DPNH. Since these authors do not mention the 
use of temperature controls, it is also possible that the very 
marked diminution of fluorescence intensity at higher tempera- 
tures, illustrated in Fig. 3, may have played a role in their ex- 
periment. 


SUMMARY 


Boyer and Theorell (1) have reported that the formation of a 
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complex between horse liver alcohol dehydrogenase and reduced 
diphosphopyridine nucleotide (DPNH) results in an increase in 
the intensity of the fluorescence spectrum of DPNH and a shift 
in the wave length of maximal emission toward shorter wave 
lengths. Similar observations have been made with beef heart 
lactic dehydrogenase and DPNH. 

A marked decrease in intensity of fluorescence of both DPNH 
and the lactic dehydrogenase-DPNH complex with increasing 
temperature has been observed. From spectral changes ac- 
companying the titration of lactic dehydrogenase with DPNH 
it is concluded that 3 to 4 moles of DPNH are bound by 1 mole 
of the enzyme, that the dissociation constant is invariant with 
temperature over the range from 9 to 33° and increases with 
increasing pH values between pH 7 and pH 9.8. The ability of 
lactic dehydrogenase to form a fluorescent complex with DPNH 
is destroyed by p-chloromercuribenzoate. The influence of a 
number of subtances upon the formation of the enzyme-DPNH 
complex has been investigated. 


ADDENDUM 


After this manuscript had been submitted for publication, an 
elegant comparison of the fluorescence spectral properties of 
glyceraldehyde phosphate dehydrogenase and of lactic dehy- 
drogenase was published by Velick (28). Whereas the present 
results differ from those of Velick in a few details, the values re- 
ported here for the maximal number of moles of DPNH bound 
per mole of lactic dehydrogenase and for the dissociation con- 
stant of the enzyme-DPNH complex are in sensible agreement 
with the values found by Velick from measurements of different 
spectral parameters. 


REFERENCES 


1. Boyer, P. D., AND THEORELL, H., Acta Chem. Scand., 10, 447 
(1956). 
. Kapuan, N. O., anp Crortr, M. M., J. Biol. Chem., 221, 823 
(1956). 
. Duysens, L. N. M., AND KRONENBERG, G. H. M., Biochim. 
et Biophys. Acta, 26, 437 (1957). 
4. Winer, A. D., Novoa, W. B., AND Scuwert, G. W., J. Am. 
Chem. Soc., 79, 6571 (1957). 
5. Winer, A. D., AND ScHwert, G. W., Biochim. et Biophys. 
Acta, 29, 424 (1958). 
6. THEORELL, H., AND BONNICHSEN, R. K., Acta Chem. Scand., 
5, 1105 (1951). 
7. CHANCE, B., AND NEILANDs, J. B., J. Biol. Chem., 199, 383 
(1952). 
8. Wrner, A. D., AND ScHwert, G. W., Science, 128, 660 (1958). 
9. HaKaLa, M. T., Guaip, A. J., AND SCHWERT, G. W., J. Biol. 
Chem., 221, 191 (1956). 
10. NEILANDs, J. B., J. Biol. Chem., 208, 225 (1954). 
11. TAKENAKA, Y., AND SCHWERT, G. W., J. Biol. Chem., 223, 157 
(1956). 
12. Boyer, P. D., J. Am. Chem. Soc., 75, 4331 (1954). 
13. Houtman, W. E. M., WiEGAND, C., Biochem. J., 43, 423 
(1948). 
14. KarreEr, P., AND BLUMER, F., Helv. Chim. Acta, 30, 1157 (1947). 


15. Bowman, R. L., Cautrietp, P. A., AND UDENFRIEND, &., 
Science, 122, 32 (1955). 

16. SprincE, H., AND Row.ey, G. R., Science, 125, 25 (1957). 

17. Winer, A. D., AND ScuoweErt, G. W., J. Biol. Chem., 231, 1065 
(1958). 

18. Kaptan, N. O., Crort1, M. M., SrouzensBacu, F. E., anp 
Bacuur, N. R., J. Am. Chem. Soc., TT, 816 (1955). 

19. SHIFRIN, S., AND KapLan, N.O., Proc. Natl. Acad. Sci. U.S., 
44, 177 (1958). 

20. VAN Kys, J., Crortr, M. M., Kapuan, N. O., Biochim. et 
Biophys. Acta, 28, 574 (1957). 

21. PFLEIDERER, G., JECKEL, D., AND WIELAND, T., Biochem. Z., 
328, 187 (1956). 

22. VAN Eys, J., SroLZENBACH, F. E., SHeERwoop, L., AND Kap- 
LAN, N. O., Biochim. et Biophys. Acta, 27, 63 (1958). 

23. Meister, A., J. Biol. Chem., 184, 117 (1950). 

24. WiuuiaMs, R. J. P., Hocu, F. L., Aanp B. L., J. Biol. 
Chem., 232, 465 (1958). 

25. VALLEE, B. L., anp Wacker, W. E. C., J. Am. Chem. Soc., 
78, 1771 (1956). 

26. PFLEIDERER, G., JECKEL, D., AND WIELAND, T., Biochem. Z., 
330, 296 (1958). 

27. TerRAYAMA, H., AND VESTLING, C. S., Biochim. et Biophys. 
Acta, 20, 586 (1956). 

28. Veuick, 8. F., J. Biol. Chem., 233, 1455 (1958). 


) 
) 
) 


Lactic Dehydrogenase 


VII. FLUORESCENCE SPECTRA OF TERNARY COMPLEXES OF LACTIC DEHYDROGENASE, 
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The two preceding papers in this series have discussed the in- 
hibition of beef heart muscle lactic dehydrogenase by oxamate 
and by oxalate (2) and the detection of an LDH'!-DPNH complex 
by the intensification and shift in wave length of the fluorescent 
emission spectrum which accompanies the formation of the com- 
plex (3). This paper describes the alteration of the fluorescent 
emission spectrum of the LDH-DPNH complex in the presence 
of anions of various acids, with special reference to oxamate and 
oxalate, and presents evidence that these alterations accompany 
the formation of ternary LDH-DPNH-anion complexes. It is 
further argued that these ternary complexes are similar in struc- 
ture to the activated complex involved in the conversion of LDH- 
DPNH-pyruvate to LDH-DPN-lactate. 


EXPERIMENTAL 


Materials—The preparations of DPNH and of lactic dehy- 
drogenase were those used previously (4, 5). Sodium-.-lactate 
was prepared from an Amend Drug and Chemical Company prep- 
aration of zine-L-lactate or from California Corporation for Bio- 
chemical Research preparations of calcium-.-lactate by the 
method described previously (4). The following were also Cali- 
fornia Corporation products: p- and L-malic, b-, L-, and meso- 
tartaric, glycolic, p-, and L-aspartic, L-glutamic, L-ascorbic, 
a-chloropropionic, and tricarballvlic acids, pL-isocitric lactone, 
dihydroxyacetone, isonicotinyl hydrazide, L-serine, and sodium 
malonate. Sodium-pLt-mandelate, sodium oxalate, sodium ben- 
zoate, and citric acid were Merck products; glutaric, p-araboas- 
corbic, merecaptosuccinic, fumaric, and dehydroacetic acids, and 
hydroxylamine, nicotinamide, and sodium p-chlorobenzenesul- 
fonate were Distillation Products Industries preparations. Py- 
ridine-3 ,4-dicarboxylic and a-hydroxybutyric acids were pur- 
chased from the Aldrich Chemical Company, succinic acid from 
Eimer and Amend, and tartronic acid from the H. M. Chemical 
Company, Ltd. 1-Sorbose and 6-hydroxybutyric acid were sup- 
plied by Nutritional Biochemicals Corporation. p1i-Glyceric 
acid was a gift from Dr. Francis Neuhaus, a-hydroxyisovaleric 


* This investigation was supported by research grants No. RG 
2941 (C6) and No. RG 4658 (S2) from the National Institutes of 
Health, United States Public Health Service. These results were 
presented in part at the meeting of the Federation of American 
Societies for Experimental Biology, April 14 to 18, 1958. A pre- 
liminary report of a portion of the results has been published (1). 

+ Present address, Department of Biochemistry, Medical Nobel 
Institute, Stockholm, Sweden. 

! The abbreviations used are: LDH, lactic dehydrogenase; Tris, 
tris(hydroxvmethyl)aminomethane. 


acid from Dr. Andrew J. Glaid, and pyrimidine-4-carboxylie acid 
and picoliniec acid from Dr. Philip Handler. Oxamic acid was 
prepared by the method described previously (2). 

Methods—The instrument settings and operation of the spec- 
trophotofluorometer, and measurements of temperature and pH 
have been described (3). 

Titrations of the LDH-DPNH complex with anions were car- 
ried out by essentially the same technique as was used for the 
titration of lactic dehydrogenase with DPNH (3): very small vol- 
umes of solutions of the anion, adjusted to the desired pH value, 
were added to 1 ml. of a solution containing lactic dehydrogenase 
and DPNH in a mole ratio of 4 to 5:1. The spectral curve or 
the height of the spectral curve at the wave length of maximal 
emission, was recorded after each addition of the anion solution. 
Tris buffers of 0.2 ionic strength, described previously (6), and 
phosphate buffers of the same ionic strength were used as sol- 
vents. 

Results—A preliminary report (1) has pointed out that some 
anions, of which oxamate is typical, cause a quenching of fluores- 
cence of the LDH-DPNH complex while others, typified by lac- 
tate,? cause an enhancement of the fluorescent emission of the 
LDH-DPNH complex. Typical spectral changes resulting from 
the addition of small amounts of oxamate or of oxalate to the 
LDH-DPNH complex are shown in Figs. 1 and 2, respectively. 
The vertical line at 445 my was drawn in each figure to indicate 
the position of the wave length of maximal emission in the pres- 
ence of oxamate or oxalate relative to the wave length of maximal 
emission of the LDH-DPNH complex. The addition of solutions 
of oxamate or of oxalate to lactic dehydrogenase or DPNH solu- 
tions causes no spectral effects other than the diminution in 
fluorescent intensity arising from dilution. Further, the se- 
quence of addition of the various components was found to have 
no effect on the intensity of emission of the final solution. 

The spectral curves of Fig. 1 indicate that as the concentration 
of oxamate is increased, the wave length of maximal emission re- 
mains constant. This behavior suggests that oxamate does not 
displace DPNH from the enzyme surface since, if free DPNH 


2 Not all preparations of calcium-L-lactate purchased from the 
California Corporation for Biochemical Research cause an aug- 
mentation of fluorescence of the LDH-DPNH complex. Lot No. 
150271 failed to cause augmented fluorescence although it appeared 
to be identical with other preparations when tested by velocity 
of oxidation by DPN in the presence of lactic dehydrogenase. 
Lot Nos. 060770 and 100034 and the Amend Drug and Chemical 
Company preparation of zinc-L-lactate all caused an augmenta- 
tion of fluorescence. 
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DPNH-LDH-OXAMATE 


RECORDER DEFLECTION, INCHES 
| W 
° 


.-LDH 


450 500 550 £4600 


WAVE LENGTH, mp 


350 400 


Fic. 1. Fluorescent emission spectral curves obtained when 
the components shown on the figure are activated by 340 my light 
at 13.3° in 0.2 ionic strength Tris buffer, pH 7.01. The initial 
lactic dehydrogenase concentration in each case was 9.15 & 1077 
M and the initial DPNH concentration was 4.23 * 10-6 mM. The 
curves labeled Tris, LDH, and DPNH are emission spectral curves 
for the separate components. The curve labeled LDH-DPNH is 
obtained when each of these components is present at the concen- 
tration given. Curves 1 through 4 are obtained after successive 
0.001 ml. additions of 5.57 X 107% M potassium oxamate to the solu- 
tion containing DPNH and lactic dehydrogenase. Curve § re- 
sulted from the addition of a large excess of oxamate so that the 
final concentration was approximately 1073 m. 


5.0- 


4.0- 


3.0-+ 


2.0- 


RECORDER DEFLECTION, INCHES 


450 500 550 
WAVE LENGTH, my 

Fic. 2. Fluorescent emission spectral curves obtained when the 
components shown on the face of the figure are activated by 340 
my light in 0.2 ionic strength phosphate buffer, pH 6.01, at 20°. 
The initial concentration of lactic dehydrogenase in each solution 
was 9.15 X 1077 M and the initial concentration of DPNH 2.84 
10-&'m. Curves 1 and 2 resulted from the addition of volumes of 
0.005 ml. of 0.20 mM sodium oxalate solution to the DPNH-LDH 
system. Curves 3 through 6 were obtained after subsequent suc- 
cessive additions of volumes of 0.01 ml. of the same oxalate solu- 
tion. 


350 400 


were released, a shift of the wave length of maximal emission 
toward that of DPNH itself, 470 mu, would be expected. Fur- 
ther, successive increments of oxamate concentration exhibit di- 
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minishing effectiveness in quenching the fluorescence of the 
LDH-DPNH complex. This observation, which is illustrated 
by Curves 1 to 4 of Fig. 1, suggests that there is an equlibrium be- 
tween the LDH-DPNH complex and oxamate. 

Estimation of Dissociation Constant of LDH-DPN H-Oxamate 
Complex—If the preceding considerations are correct, curves of 
the type shown in Fig. 1 should be useful for the estimation of the 
dissociation constant, K,’, for the equilibrium: 


ERI=— ER+I1 (1) 


in which LR is the LDH-DPNH complex, /R/ is the ternary 
LDH-DPNH-oxamate complex, and J is oxamate. The evalua- 
tion of A,’ is complicated by the fact that the system was diluted 
slightly by each addition of oxamate solution. Since the in- 
tensity of fluorescent emission is proportional to concentration in 
the range of concentrations used for these measurements, the 
effect of dilution can be corrected for by multiplying the height 
of each spectral curve by the volume of the solution from which 
the curve was derived. This correction assumes that the degree 
of dissociation of the ER complex into free lactic dehydrogenase 
and DPNH is not measurably altered by small volume changes. 
Since the dissociation constants estimated for the ER complex 
are small (3), this assumption is not unreasonable. 

The recorder deflection at a given wave length, 445 my in these 
measurements, measures the sum of the fluorescent emission of 
the LDH-DPNH complex, of free lactic dehydrogenase and of 
unbound DPNH. (In the experiment shown in Fig. 1 the mole 
ratio of DPNH to enzyme was 4.6 to 1.) In each titration ex- 
periment the effects of several successive small additions of oxa- 
mate solution were measured and an excess of oxamate solution 
was then added to approximate the contribution of free enzyme 
and free DPNH to the fluorescent emission. The effect of an 
excess of oxamate is illustrated by Curve 5 of Fig. 1. The height 
of this curve, corrected for the volume of the solution, was used 
as a baseline and was subtracted from the corrected recorder de- 
flections measured in the presence of small concentrations of 


oxamate. The value of K;,’ is then given by: 


Ky’ = (ER))/(ERI) = D(D)o/(Dmn — D) (2) 


where D,, is the maximal recorder deflection, measured in the ab- 
sence of oxamate, and D is the recorder deflection observed when 
the concentration of added oxamate is (/)o. D,, and D are both 
corrected for dilution by the method described. The values of 
K,' reported were measured from the slopes of plots of (/)o 
against D,,/D — 1. 

Since, in the experiment illustrated in Fig. 1, 18 « 10-* wmoles 
of oxamate served to half-quench the fluorescence of 3.7 X 107° 
umoles of LDH-DPNH complex, assuming four binding sites per 
mole of lactic dehydrogenase and assuming the enzyme to be sat- 
urated with DPNH, it is apparent that the use of the concentra- 
tion of added oxamate in Equation 2 for the concentration of 
unbound oxamate does not introduce a large error into the result. 

Effects of pH and of Temperature upon Quenching of Fluores- 
cence by Oxamate—Values were estimated for A,’ at various pH 
values in 0.2 ionic strength phosphate buffers at 25°. The results 
of these measurements are shown in Fig. 3 in which recorder de- 
flections are plotted against the concentration of added oxamate. 
The plot used for the estimation of the magnitude of A,’ from 
these measurements is also shown. Similar values estimated in 
Tris buffers at 25° are summarized in Table I, 

The effect of temperature upon the values estimated for A,’ 


| 
6.04 
| _DPNH - LOH 
| | 
| 
O 
| 
| OPNH-LOH- OXALATE 
| 
| DPNH-LDH 
1.07 


May 1959 


over the range from 13-36° in Tris buffers at two pH values is 
shown by the Arrhenius plot of Fig. 4. 

Estimation of Dissociation Constants for LDH-DPN H-Oxalate 
Complex—The reasons given for considering the spectral curves 
of Fig. 1 to reflect an equilibrium between LDH-DPNH and ox- 
amate appear to apply equally well to the results shown in Fig. 2. 
If the same assumptions regarding the effects of small dilutions 
are applied as were used in considering oxamate inhibition, the 
heights of the spectral curves may be corrected for dilution by 
multiplying the measured height of each curve by the volume of 
the solution at that stage of the titration. The difference be- 
tween the corrected recorder deflection and the deflection ob- 
served with the LDH-DPNH complex alone may be taken as a 
measure of the concentration of the LDH-DPNH-oxalate com- 
plex. If this difference is represented by D and if D,, is the 
maximal recorder deflection observed in the presence of saturat- 
ing concentrations of oxalate, the dissociation constant for the 
dissociation of LDH-DPNH-oxalate into LDH-DPNH and ox- 
alate is: 


Ky’ = (ER)I)/(ERT) = (Dn — D)(I)o/D (3) 


The concentration of added oxalate, (/)o, is again virtually identi- 
eal with the concentration of unbound oxalate in the system. 


5 
z 
3+ 
oO 
WwW 
oud A 
w 2+ 
QO 
a 
oO 
WwW 
ac 
ky x10? 
Kp =2.9x109 
=6.7x109 
—= 3.62107 
if 
12 18 


[1] x 10°M 

Fic. 3. Plots of recorder deflection and of the term used to es- 
timate Ky,’ (see text) against concentration of added oxamate for 
determination carried out at 25° in 0.2 ionic strength phosphate 
buffers of pH 5.90, O——O; 6.99, A——A; 8.02, 0-——O; 9.10, 
@—@;; 9.98, A——A; and 10.49, B-——™. For the lower pH 
values the oxalate solution was added in 0.005 ml. portions. At 
pH 9.98 and 10.49, 0.02 ml. additions were made. The activation 
wave length was 340 mu and measurements of recorder deflection 
were made at 445 my. In the upper portion of the figure, the 
points are experimental points and the lines were calculated from 
Equation 2 with the values of K;’ shown in the lower portion of 
the figure. 
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TABLE I 
Values of dissociation constant for dissociation of oxamate from 
LDH-DPNH-oxamate complex in 0.2 ionic strength tris 
buffers at 25° 


pH Ky’ 
X 108 
6.00 7.0 
6.03 7.5 
6.52 10. 
7.02 | 14. 
8.60 50. 
9.29 140. 
9.52 620. 
9.98 | 910. 
-4.2+ 
° 
a 
~4.4+ 
x ® 
a x 
a 
re) 
8 “46> --24 g 
-48 12.6 
3.2 aa 34 35 
x10° 


Fic. 4. Plots of the logarithms of A,’ for the dissociation of 
oxamate from the LDH-DPNH-oxamate complex against recipro- 
cal absolute temperature. The measurements were made at pH 
7.10 and 9.51 in 0.2 ionie strength Tris buffers. The lines were 
drawn by the method of least squares. 


Equation 3 has the form of the familiar Michaelis-Menten 
equation and A,’ and D,, were estimated from a double reciprocal 
plot of 1/D against 1/(/)o. The intercept on the 1/D axis is 
1/D,, and the slope is K7’/Dn. 

Effect of pH on Oxalate Augmentation of Fluorescence—Fig. 5 
presents the results of measurements made at 27° in Tris buffers 
of 0.2 ionic strength at various pH values. Since the actual 
titrations were performed at various recorder sensitivity settings, 
the recorder deflections, corrected for dilution, are plotted as per 
cent of the maximal recorder deflection, D,,. The points are 
derived from experimental points and the lines were calculated 
from Equation 3 with use of values for Ky’ of 1.2 « 10-3, 5.5 x 
10-3, and 37 x 10-3 m for pH values of 6.83, 7.82, and 8.70, re- 
spectively. No effect of added oxalate was observed at pH 9.12. 

An increase in the values found for K,’ with increasing pH was 
also observed in 0.2 ionic strength phosphate buffers at 20°. Ky,’ 
was found to have values of 1.7 & 10-4, 3.3 « 10-4, 3.8 x 10-4, 
and 10-* m for pH values of 6.10, 7.30, 7.70, and 8.30, respectively. 

The negative logarithms of the various sets of K,’ values are 
plotted against pH in Fig. 6. 
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RECORDER DEFLECTION AS PER CENT OF 
MAXIMUM RECORDER DEFLECTION 


PH 9/2 


O 2 4 6 8 10 12 14 16 18 
OXALATE CONCENTRATION, 


Fig. 5. Plots of corrected recorder deflections, expressed as per 
cent of the maximal recorder deflection at saturating concentra- 
tions of oxalate, against concentration of added oxalate for experi- 
ments carried out at 27° at various pH values in 0.2 ionic strength 
Tris buffers. The initial lactic dehydrogenase concentration at 
the beginning of each titration was 5.50 X 1077 M, the initial DPNH 
concentration was 2.86 X 107° mM at pH 6.83 and 2.40 X 107-6 m at 
the other pH values, and the concentration of the oxalate solution 
used for titration was 0.063 1. The curves were calculated from 
Equation 3 with the values of Ay’ given in the text and the value 
found for the maximal recorder deflection in each experiment. 
The points are experimental points, corrected for volume changes 
by the method described in the text. 


Effects of Other Compounds on Fluorescence of LDH-DPNH 
Complex—Since both t-lactate (1) and oxalate have been ob- 
served to increase the intensity of fluorescent emission of the 
LDH-DPNH complex, a survey of similar compounds was car- 
ried out to determine the structural features essential for this 
property. Table II lists the compounds that were found to in- 
crease the intensity of emission and also gives approximate values 
for the concentration of added substance required for half-maxi- 
mal augmentation of fluorescence and an estimate of the maximal 
increase in intensity, relative to that of the LDH-DPNH com- 
plex, at saturating levels of added substance. These values were 
estimated from fewer points than were used for the titrations 
with oxalate shown in Fig. 5, and no correction was made for the 
dilution of the system by small volumes of solutions of the added 
substances. 

Qualitatively, the effects of pH on the augmentation of fluores- 
cence by L-lactate and L-tartarate appear to be similar to those 
observed with oxalate since concentrations of lactate or tartarate 
which cause a marked increase in fluorescent intensity at pH 5.9 
cause smaller effects as the pH is increased. At pH values 
greater than 7.5 lactate has no measurable effect and tartarate 
has no effect at pH values greater than approximately 9.0. 

It was noted in the preceding paper in this series (3) that the 
emission of the LDH-DPNH complex in 0.2 ionic strength ace- 
tate buffers is anomalously large as compared to the effects ob- 
served in histidine and phosphate buffers in the same pH range. 
While no detailed study has been made of this point, it seems 
probable that acetate, too, forms a ternary complex with the 
LDH-DPNH binary complex. 

The substances listed in Table II form complexes with LDH- 
DPNH which are stable for a period of several minutes. In con- 
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5- 


5 6 8 9 10 Y 
pH 


Fic. 6. Plot against pH of the negative logarithms of the dis- 
sociation constants, estimated from inhibition (2) and fluorescence 
measurements, for the dissociation of oxamate and oxalate from 
their respective ternary complexes with LDH-coenzyme. The 
negative logarithms of the values found for the Michaelis constant 
for pyruvate at various pH values in Tris buffers at 28° (6) are 
also plotted and are shown by O; the negative logarithm of K7’, 
the dissociation constant for the dissociation of oxamate from the 
LDH-DPNH-oxamate complex, estimated from inhibition meas- 
urements in Tris buffers at 28°, A; estimated from fluorescence 
measurements in Tris buffers at 25°, 0; and from fluorescence 
measurements in phosphate buffers at 25°, @. Values of the nega- 
tive logarithms of Ky’, the dissociation constant for the dissocia- 
tion of oxamate and of oxalate, respectively, from their ternary 
complexes with the LDH-DPN complex, estimated from inhibi- 
tion measurements made in Tris buffers at 28° are shown by @ 
and A. The negative logarithm of the dissociation constant for 
the dissociation of oxamate from the LDH-oxamate complex, 
estimated from inhibition studies in Tris buffers at 28° is shown 
by @. Since the figure is quite crowded, points representing the 
values of the dissociation constant of oxalate from the LDH- 
DPNH-oxalate complex, estimated from fluorescence measure- 
ments in Tris and phosphate buffers are not shown. The trend 
of these values, which are given in the text, is parallel to that of 
the sets of points which are shown. 


TABLE II 


Substances which cause an increase in fluorescent emission of 
LDH-DPNH complex 


Phosphate buffer, pH 6.01, ionie strength 0.2, at 21°. 


Approximate Relative increase 
concentration in intensity at 
Compound* | 
augmentation of added 
of emission substance 
mM X 108 

pu-Mandelic acid................. 10 1.3 
pL-a-Hydroxybutyrie acid. ...... 5 1.1 
| 4 1.4 
pL-Mercaptosuccinie acid......... 2 1.2 
pu-Isocitric acid...............:..| 1 2.0 


* Augmentation of fluorescence was also observed with DL-a- 
hydroxyisovaleric acid and with p-glyceroascorbie acid but the 
determinations were not sufficiently extensive to estimate the 
maximal optical affect for these compounds. 
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TABLE III 


Compounds that do not alter fluorescence of LDH-DPNH complex 
and compounds that quench fluorescence of complex and concen- 
trations at which tested 


Tested at 20° in pH 6.9 phosphate buffer, ionic strength 0.2. 


Compounds that do not alter fluorescence Compounds that quench fluorescence 


0.003 M nicotinate 

0.01 m picolinate 

0.013 m isonicotiny] hydrazide 
0.004 M_ pyrimidine -4-car- 


0.03 m a-chloropropionate 
0.001 m benzoate 

0.004 m pL-8-hydroxybutyrate 
0.01 a-hydroxyisobutyrate 


0.014 M L-aspartate boxylate 

0.018 M L-serine 0.004 mM pyrimidine-3,4-dicar- 
0.001 m fumarate boxvlate 

0.003 M succinate 0.00015 m ADP 


0.01 M p-tartarate 0.002 m dehydroacetate 

0.014 mM meso-tartarate 

0.003 m tricarballylate 

0.004 M citrate 

0.02 m L-sorbose 

0.01 Mm p-malate 

0.01 m acetaldehyde bisulfite 
adduct 

0.001 m p-chlorotoluenesulfonate 

0.01 m pyrophosphate 

0.03 m hydroxylamine 

0.005 mM nicotinamide 

0.0007 m adenosine 


trast, glycolic acid causes a transient increase in the emission of 
the LDH-DPNH complex but within a few minutes the intensity 
of emission diminishes to a value below that shown by the LDH- 
DPNH complex. Thioglycolic acid also appears to cause a 
transient increase in intensity of emission but in this case the 
concurrent decrease is so rapid that this point cannot be clearly 
established. 

A number of compounds, similar in structure to those listed in 
Table II, have no effect on the fluorescence of the LDH-DPNH 
complex. These are listed in Table III along with compounds 
which quench the fluorescence of the binary complex. 

Sodium bisulfite at a concentration of 10-4 m quenches the 
fluorescence of the LDH-DPNH complex but, since quenching is 
accompanied by a shift of the wave length of maximal emission 
to a longer wave length, appears to act by displacing DPNH from 
the binary complex. Ketomalonate and a-ketoglutarate also 
quench the fluorescence of the binary complex but parallel ab- 
sorption measurements indicate that these are slowly reacting 
substrates. a-Ketoglutarate had been previously shown by 
Meister (7) to be a slow substrate. Dihydroxyacetone quenches 
fluorescence but, since it acts similarly upon the liver alcohol de- 
hydrogenase-DPNH complex, it is possible that quenching arises 
from reaction with DPNH rather than from reversible complex 
formation. 

p-Chloromercuribenzoate quenches the fluorescence of ternary 
complexes but presumably acts by displacing DPNH from the 
complex since the wave length of maximal emission is shifted to 
higher values. <A similar effect was observed with the LDH- 
DPNH binary complex (8). 


DISCUSSION 


It is a familiar fact that fluorescence is subject to quenching by 
minute concentrations of a wide variety of substances. It is not 
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evident, therefore, that quenching of the fluorescence of the 
LDH-DPNH complex by oxamate does arise from the formation 
of a ternary LDH-DPNH-oxamate complex. The fact that the 
observations can be fitted to a mathematical treatment which is 
based upon the postulate that a ternary complex exists is not 
pertinent, since it is easily conceivable that a variety of other 
postulates would also yield satisfactory agreement with the ex- 
perimental data. 

However, the behavior of oxamate as an inhibitor for the en- 
zymatic reaction is essentially the inverse of the behavior of 
oxalate as an inhibitor, with respect to competition with pyruvate 
and lactate, as is illustrated in Figs. 1 and 2 of Paper V of this 
series (2). Since the effects of oxamate and of oxalate on the 
fluorescence of the LDH-DPNH complex are also reciprocal, it 
seems probable that the quenching effect of oxamate does, in fact, 
arise from ternary complex formation. Additional evidence for 
this view is provided by the observation that values of K,’, the 
dissociation constant for the dissociation of oxamate from the 


- LDH-DPNH-oxamate complex, are of the same order of mag- 


nitude and vary in the same way with pH irrespective of whether 
the values are estimated from inhibition or from quenching ex- 
periments. ‘This point is illustrated in Fig. 6. 

Fig. 6 further indicates that the values for the Michaelis con- 
stant for pyruvate, Kp, estimated in Tris buffers (6), vary with 
pH in the same manner as do the values of K,’, estimated in Tris 
buffers. Moreover, the values of Ky,’ estimated in phosphate 
buffers are smaller than those estimated in Tris buffers. Since 
values estimated for Ap are also smaller in phosphate than in 
Tris buffers, there seems to be an adequate basis for the belief 
that oxamate is bound to the enzyme surface by the same forces 
which bind pyruvate in the reactive LDH-DPNH-pyruvate com- 
plex. 

The value of AH for the dissociation of oxamate from the LDH- 
DPNH-oxamate complex is calculated from the results plotted 
in Fig. 4 to be 8.8 + 0.5 kilocalories per mole at pH 7.01 and 
9.5 + 0.6 kilocalories per mole at pH 9.51. Tris buffers of 0.2 
ionic strength were used for these measurements. The value es- 
timated from measurements of inhibition of the enzymatic reac- 
tion in ionic strength 0.1 phosphate buffer, pH 6.80, was 6.9 + 0.3 
kilocalories per mole (2). The agreement between these esti- 
mates is probably reasonable in view of the differences in buffers 
and of the dependence upon estimates of other kinetic parame- 
ters in evaluating AK,’ from inhibition measurements. 

The results summarized in Table II and III may be used to 
deduce some of the characteristics which a compound must pos- 
sess to form a ternary complex with LDH-DPNH which exhibits 
increased fluorescent emission. Since p-malate has no effect 
upon fluorescence while L-malate enhances fluorescence, since 
similar results are found with p- and 1-tartarate, and since the 
augmentation of fluorescence by p1-lactate is proportional to the 
concentration of L-lactate in the racemic mixture, it appears that 
if a hydroxyl] group is present in the a-position, it must be in the 
L-configuration. However, the marked enhancement of fluores- 
cence which is observed in acetate buffers appears to indicate 
that an a-hydroxy! group is not essential for complex formation. 
It thus appears that the apparent requirement for an a-hydroxyl] 
group in the t-configuration is actually a requirement that there 
be no steric hindrance in the region which would be occupied by 
a hydroxyl group in the p-configuration. The failure of a-hy- 
droxyisobutyrate to form a highly fluorescent complex is consis- 
tent with this view. 
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*E*RP °E*RP 
Fig. 7. Scheme used for the calculation of the line shown in 
Fig. 6. Kp and Kp’ are the dissociation constants of pyruvate 
from the two LDH-DPNH-pyruvate complexes. FR is DPNH, P 
is pyruvate, and E is the enzyme. The brackets around the hy- 
drogen ion term indicate that it is to be included only in the first 
dissociation step. 


SMe 


Fic. 8. Mechanism proposed to account for the quenching of 
the fluorescence of the LDH-DPNH complex by oxamate. The 
shaded area represents the enzyme surface which contributes the 
imidazolium group and a second cationic group which serve to 
bind oxamate. <A detailed discussion of this scheme is given in the 
text. 


The observations that isocitrate, mandelate, and a-hydroxy- 
isovalerate form highly fluorescent complexes appear to indicate 
that introduction of bulky groups into the B-position does not 
prevent complex formation. It appears, however, that the in- 
troduction of a hydroxyl group into the 8-position, as in the case 
of meso-tartarate, 6-hydroxybutyrate and, possibly, of citrate, 
prevents formation of a highly fluorescent complex. 

The enhancement of fluorescence found with the two ascorbic 
acids presumably arises from the fact that one ionized ene-diol 
hydroxy! acts in place of the carboxylate ion of the other com- 
pounds which show enhancement and that the configuration of 
the ring structure of these compounds prevents hindrance by the 
rest of the molecule. 

The failure of the bisulfite adduct of acetaldehyde, which has 
been shown by Zelitch (8) to be an inhibitor for muscle lactic de- 
hydrogenase’, to alter the fluorescence of the LDH-DPNH com- 
plex may reflect differences in the two enzymes. Alternatively, 
it may be that inhibition by this compound arises from dissocia- 
tion to vield bisulfite and subsequent reaction of the LDH-DPN 
complex with bisulfite as has been reported by Pfleiderer et al. (9). 

While interpretation of the relation between structure and 
ability to quench the fluorescence is rendered uncertain by the 
nonspecific nature of the quenching phenomenon, it seems possi- 
ble that some of the substances listed in Table III act by com- 
peting with DPNH for a site on the lactic dehydrogenase surface. 

The information which is available on inhibitors for the lactic 
dehydrogenase system indicates that only anionic substances 
function as inhibitors (8, 10-14). The simplest interpretation of 


3 The lactic dehydrogenase used was presumably from rabbit 
skeletal muscle. 
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this point is that there is a cationic site on the enzyme surface 
which functions as a binding site for the negatively charged por- 
tion of substrates and of inhibitors. It has been previously pro- 
posed (6) that the proton necessary for the conversion of LDH- 
DPNH-pyruvate to LDH-DPN-lactate arises from a protonated 
imidazolium group of histidine on the enzyme surface and that 
in the reverse reaction the unprotonated form of this group acts 
as an acceptor for the proton. The rather slow variation of the 
Michaelis constant for pyruvate and of the dissociation constants 
for oxamate and oxalate from their complexes with the LDH- 
DPNH complex, illustrated in Fig. 6, suggests that more than 
one proton-dependent equilibrium is involved in the interaction 
between the LDH-DPNH complex and pyruvate or the inhibi- 
tors. The line drawn in Fig. 6 was calculated from the model! 
shown in Fig. 7 by use of the relation: 


[((+E*) + + (°F) 
(tE*P) + (CE*P) 


K 


a 1 + (H*)/Ki + K2/(H*) 
(H*)/KiKp + 1/Kp’ 


where K p,,,,,.) 18 the value observed for the Michaelis constant 
for pyruvate at a given hydrogen ion concentration, Kp and 
Kp’ are the dissociation constants for pyruvate from the two 
complexes shown in Fig. 7 and A, and Ke are the acidic dissocia- 
tion constants of the two ionizable groups. 

Although the values shown for the individual constants in 
Fig. 7 are rather crude approximations, the model proposed does 
yield reasonable agreement with the experimental points in Fig. 


6 and is consistent with the deductions made previously (6). 


The group with a pK of 7.0 is presumably the same imidazolium 
group implicated in previous measurements. The group which 
has a pK in the region of 9.4 is presumed to be an e-ammonium 
group of lysine. It has been inferred previously that a dissocia- 
ble group on the enzyme surface with a pK of approximately 10 
is involved in binding DPNH to the enzyme surface (6). This 
group is believed to be a sulfhydryl] group, because the coenzymes 
protect the enzyme against inactivation by p-chloromercuriben- 
zoate. Since pyruvate does not protect lactic dehydrogenase 
against inactivation by this reagent (5), it is believed that the 
group involved in binding pyruvate to the LDH-DPNH complex 
is not identical with the group of similar pK value which appears 
to participate in binding DPNH to the lactic dehydrogenase sur- 
face. 

Since DPN does not fluoresce, the simplest explanation of 
quenching by oxamate appears to be that DPNH is stabilized in 
a resonance configuration resembling that of DPN. The mech- 
anism shown in Fig. 8 is based upon this hypothesis.*® It is 
proposed that the polarization of the amide carbony] of oxamate 
is stabilized by the positively charged imidazolium group. A 
hydride ion from the reduced nicotinamide ring is attracted to 
the positively charged carbonyl! carbon and, to the extent that 
the hydride ion is pulled away from the ring, the ring resonates 
into an aromatic, nonfluorescent form. Since no net reduction 
of oxamate can occur, the resonance form shown at the right of 


4 While the Michaelis constant for pyruvate is not an equilib- 
rium constant, the similarity in variation with pH of Kp (6) has 
led us to fit the curve shown in Fig. 6 to the variation of Kp with 
pH. 
5 We are indebted to Mr. Louis F. Hass, of this department, for 
helpful discussions concerning the proposed reaction mechanism. 
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Fig. 8 may be a stabilized complex, similar in structure to the 
activated complex which participates in the conversion of LDH- 
DPNH-pyruvate to LDH-DPN-lactate. 

The effect of oxalate in enhancing the fluorescence of the LDH- 
DPNH complex is accounted for by assuming that the doubly 
charged oxalate ion is attracted to the surface of the LDH-DPNH 
complex by the same forces which bind oxamate, but that the 
negative charge in the vicinity of the p-position of the nicotin- 
amide ring repels the hydride ion with the result that DPNH 
assumes a more quinoid character than it has in the LDH-DPNH 
complex. The observation that the anions of the Lt-a-hydroxy 
acids cause less pronounced enhancement of fluorescence than 
does oxalate, and are effective only at higher concentrations, is 
consistent with the view that these anions, and also acetate, are 
bound by only one of the cationic sites on the LDH-DPNH sur- 
face and exert a purely steric effect in preventing separation of 
the hydride ion from the ring of DPNH. 

Ternary complexes between dehydrogenases, DPN or DPN 
analogues, and a variety of nucleophilic substances have been re- 
ported from several laboratories (9, 15-17). It has been pro- 
posed that complexes of this type result from the addition of the 
nucleophilic compound at position 4 of the nicotinamide ring of 
DPN (18) with the result that the enzyme-DPN complex is con- 
verted to a structure resembling enzyme-DPNH in its spectral 
properties. 

van Eys, et al. (19) have recently proposed a theory for the ac- 
tion of dehydrogenases which is based upon this concept and also 
accounts for the observations that in the case of heart muscle lac- 
tic dehydrogenase, for example, 4 moles of coenzyme are bound 
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by 1 mole of enzyme, but each mole of LDH-(DPN), forms only 
2 moles of mercaptosuccinate adduct (16). 

To explain the results of the present study, we prefer the mech- 
anism shown in Fig. 8 not only because it is consistent with de- 
ductions previously made from the variation of the kinetic param- 
eters with pH (6) but also because it is difficult to visualize how 
the mechanism of van Eys et al. (19) could account for the present 
observations. On the other hand, the mechanism shown in Fig. 
8 clearly does not account for the observation that only half the 
enzyme-bound DPN is able to react with mercaptosuccinate (16). 


SUMMARY 


The fluorescent emission of the complex between heart muscle 
lactic dehydrogenase and reduced diphosphopyridine nucleotide, 
when activated by light of wave length 340 my is quenched by 
oxamate and is increased by oxalate. The effects of increasing 
concentrations of these ions suggest that the spectral effects arise 
from the formation of ternary complexes of the anions with the 
enzyme-reduced diphosphopyridine nucleotide complex. This 
view is supported by the fact that dissociation constants, calcu- 
lated from spectral changes, are of the same order of magnitude 
and vary in the same way with pH as do the dissociation con- 
stants previously calculated from studies of these ions as inhibi- 
tors of the enzymatic reaction. 

Several other ions, such as acetate and various anions having 
a hydroxy! group in the a-position relative to the carboxylate ion 
and in the L-configuration, have also been shown to augment the 
fluorescent emission of the dehydrogenase-reduced diphosphopy- 
ridine nucleotide complex. A mechanism has been proposed to 
account for these findings. 


REFERENCES 


1. Winer, A. D., Novoa, W. B., AND ScHowert, G. W., J. Am. 
Chem. Soc., 79, 6571 (1957). 

2. Novoa, W. B., Winer, A. D., Guaip, A. J., AND ScHwerr, 
G. W., J. Biol. Chem., 234, 1143 (1959). 

3. WineER, A. D., Scowert, G. W., D. B. S., J. 
Biol. Chem., 234, 1149 (1959). 

4. Hakata, M. T., Guarip, A. J., AND ScHwERrT, G. W., J. Biol. 
Chem., 221, 191 (1956). 

5. TAKENAKA, Y., AND SCHWERT, G. W., J. Biol. Chem., 223, 157 
(1956). 

6. Winer, A. D., AND Scuwert, G. W., J. Biol. Chem., 231, 1065 
(1958). 

7. Meister, A., J. Biol. Chem., 184, 117 (1950). 

. Zevitcu, I., J. Biol. Chem., 224, 251 (1957). 

. PFLEIDERER, G., JECKEL, D., AND WIELAND, T., Biochem. Z.., 

328, 187 (1956). 


10. QuASTEL, J. H., AND WooLprRiIpGE, W. R., Biochem. J., 22, 
689 (1928). 

11. Baptist, J. N., AND VESTLING, C.S., Federation Proc., 16, 150 
(1957). 


12. NEILANDS, J. B., J. Biol. Chem., 208, 225 (1954). 

13. Buscn, H., ano Narr, P. V., J. Biol. Chem., 229, 377 (1957). 

14. Guaip, A. J., Ph. D. thesis, Duke University, 1955. 

15. Kapitan, N. O., AND Crorti1, M. M., J. Biol. Chem., 211, 431 
(1954). 

16. VAN Eys, J., STOLZENBACH, F. SHERwWoop, L., AND KAPLAN, 
N.O., Biochim. et Biophys. Acta, 27, 63 (1958). 

17. TreRAYAMA, H., AND VESTLING, C. 8., Biochim. et Biophys. 
Acta, 27, 63 (1956). 

18. Burton, R. M., AND Karian, N. O., J. Biol. Chem., 211, 447 
(1954). 

19. vAN Eys, J., SAN PretTro, A., AND KAPLAN, N. 
127, 1443 (1958). 


O., Science, 


face 
0r- 
pro- 
H- 
ited 
hat 
icts 
the 
ints 
)H- 
ion 
ibi- 
lel! 
int 
nd 
vO 
la- 
in 
ES 
ig. 
)). 
ch 
m 
a- 
10 
is 
es 
n- 
se 
1e 
xX 
rs 
r- 
of 
is 
e 
A 
| 
n 
yf 
S i 
h ! 
r 


The Nature and Mechanism of the Tryptophan Pyrrolase 
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The formation of kynurenine from tryptophan was first ob- 
served in liver extracts by Kotake’s school and was attributed 
to a “tryptophan pyrrolase” (1). Partial purification of the sys- 
tem from liver showed it to consist of two separate reactions, an 
initial oxidation to formylkynurenine followed by hydrolysis (2). 


L-Tryptophan + O: — formylkynurenine (1) 


Formylkynurenine + HO — formic acid + kynurenine (2) 


The oxidation reaction was catalyzed by an enzyme that had 
the following properties: (a) utilization of one molecule of oxygen 
in a single step, (6) inhibition by catalase, and (c) specific reversal 
of catalase inhibition by hydrogen peroxide from a donor reac- 
tion. Other properties of the enzyme, including cyanide and 
light reversible CO inhibitions, suggested that it was an iron 
porphyrin enzyme occurring in both the ferrous and ferric states 
(3). On the basis of the above properties it was assumed that 
there was an intermediate formation and utilization of peroxide 
in the reaction. The reaction was therefore formulated as a 
coupled oxidation (4), probably catalyzed by a single enzyme, 
and the enzyme was called the “‘tryptophan peroxidase-oxidase.”’ 

Further investigation of the reaction mechanism is reported 
here with both the liver enzyme and a highly purified bacterial 
enzyme which was first obtained by Hayaishi and Stanier (5) in 
crude cell extracts from tryptophan-grown Pseudomonas sp. with 
100 times the specific activity of liver extracts. The bacterial 
enzyme shares all of the properties of the animal enzyme. A 
preliminary report of these results has appeared (6). Peroxide 
was not directly involved in the oxidation reaction of either en- 
zyme, but was necessary to activate it. The enzyme was identi- 
fied as an iron-porphyrin protein which was reduced to its active 
ferrous form by peroxide. In conjunction with the demonstra- 
tion that gaseous oxygen was incorporated into the product of 
this reaction (7), the present results indicate that the reaction 
catalyzed is an oxygenation, a direct oxygen transfer t6 trypto- 
phan, and it does not involve peroxidation. For this reason we 
will refer to the enzyme by the original name, tryptophan pyr- 
rolase. 


* This investigation was supported by United States Public 
Health Service Grant A567 and by United States Atomic Energy 
Commission Contract No. AT (30-1)-901 with the New England 
Deaconess Hospital. 

+ Visiting Fellow from the Department of Nutrition, Osaka 
University Medical School, Osaka, Japan. 


EXPERIMENTAL 


Materials and Methods 


Rats—Adult albino rats that had been given a suspension of 
200 mg. of pi-tryptophan per 100 gm. of body weight by intra- 
peritoneal injection 5 hours before sacrifice were used for prepa- 
ration of the liverenzyme. This treatment adaptively increased 
the amount of enzyme in the livers about 10-fold (8). 

Bacteria—Pseudomonas sp. (NTCC 11,299) which metabolized 
tryptophan via the quinoline pathway (9) was used as the bac- 
terial enzyme source. The medium contained 3.0 gm. of L-tryp- 
tophan, 3.0 gm. of KH2PO,, 3.0 gm. of NasHPO,, 0.2 gm. of 
MgSO,, 0.001 gm. of FeSO,-7H,O and 1.0 gm. of yeast extract 
(Difco) per 1. and was adjusted to pH 7.2. The cells for the 
inoculum were grown overnight in 1.5 1. of nutrient medium, and 
then collected by centrifugation, washed with 0.04 m Na phos- 
phate buffer, pH 7.2, and transferred to 151. of medium in a 5-gal- 
lon Pyrex bottle. The cultures were aerated and stirred vigor- 
ously by compressed air passed through two filter candles. The 
bacteria were harvested in a Sharples Super Centrifuge after 8 to 
10 hours at 30°, just before they reached maximal growth. The 
yield of cells obtained was usually 5 gm. wet weight per |. of me- 
dium. The cells were washed with cold 0.04 m Na phosphate, 
pH 7.2, and stored at —9°. About 20 per cent loss in activity 
of the whole cells was observed during 2 weeks of storage. 

Reagents—Kynurenine formamidase (formylase (10)) was pre- 
pared catalase-free by a repetition of the heat-treatment step in 
the procedure described (11). A erystalline commercial prepa- 
ration of bovine catalase (Worthington) was used. The glucose 
oxidase was a purified catalase-free preparation of mold origin 
made from Dee O (Takamine Laboratories) by Dr. V. H. Auer- 
bach. Methylhydroperoxide was kindly provided by Dr. Philip 
George. 

Enzyme Assay—Tryptophan oxidation was assayed at 25° by 
continuous spectrophotometric estimation of the kynurenine 
formed in the presence of an excess of kynurenine formamidase 
(12) to catalyze the reaction of Equation 2. The standard assay 
system contained in a 1l-cm. cell, 0.1 ml. of the enzyme solution 
(0.2 to 0.6 unit), 0.1 ml. of formamidase (2 units (11)), 0.1 ml. 
of 0.02 m ascorbic acid solution (freshly dissolved and adjusted 
to pH 7.2), 0.4 ml. of 0.02 m L-tryptophan solution, 2.5 ml. of 
Na phosphate buffer (0.1 mM, pH 7.2) and water in a total volume 
3.5 ml. The reaction was started by the addition of the sub- 
strate. The readings were made at 365 my in a Beckman spec- 
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trophotometer, continuously (model DK) or at 1-minute inter- 
vals (model DU), against a blank which contained the same 
components minus the substrate. The reaction rate was linear 
with time at optical densities less than 0.8, and was proportional 
to the enzyme concentration. The assays with atmospheres 
other than air were run in Thunberg type cells kindly lent by 
Dr. Erie Ball. 

The enzyme activity was expressed as uwmoles of kynurenine 
formed in 10 minutes per ml. of the enzyme solution (1 umole = 
1 unit). Under the above assay conditions 0.128 optical density 
corresponded to 0.1 umole of kynurenine (the molecular extinc- 
tion coefficient of kynurenine at 365 my is 4.5 X 10° (9)). Spe- 
cific activity was expressed as units per mg. of protein. The 
protein was measured in the crude extract by the biuret method 
(13), and after the first ammonium sulfate fractionation by a 
spectrophotometric method (14). The values determined by 
these two methods agreed within 10 per cent. Absorption spec- 
tra were measured in a Beckman model DK recording spectro- 
photometer. The points given on the figures were used in re- 
drawing these continuously recorded curves. The wave length 
scales of the spectrophotometers used were calibrated with so- 
dium dichromate solution and with a mercury lamp. 


RESULTS 


Purification of Enzyme 


Because of the lability of the purified enzyme from bacteria 
and liver, it was studied immediately after preparation. All 
manipulations were carried out at 5° or below. 

Bacterial Enzyme—Step I. Wet bacteria, 25 gm., were vig- 
orously ground with 50.0 gm. of levigated alumina (Norton 
Company) in a chilled porcelain mortar for 5 minutes (15). 
Grinding was discontinued when the mixture became viscous. 
Crystalline DNase, 50 ug., was then added and 80 ml. of 0.1m Na 
phosphate buffer, pH 7.2, were mixed in slowly. The precipitate 
obtained after centrifugation at 10,000 < g for 40 minutes 
was again extracted with 80 ml. and once with 40 ml. of the 
buffer, and the three supernatant fractions were combined. 

Step II. One mg. of crystalline RNase was added to the 
combined extracts and the mixture was allowed to stand for 30 
minutes in an ice bath. Two-thirds volume of saturated am- 
monium sulfate solution adjusted to pH 7.2 with concentrated 
ammonia solution was added. The mixture was centrifuged 30 
minutes later at 6,000 x g for 30 minutes at 0°. The superna- 
tant was discarded, and the precipitate was dissolved in } vol- 
ume of the 0.1 m phosphate buffer and dialyzed overnight against 
cold 0.01 mM phosphate, pH 7.2, which contained 0.0001 m sodium 
Versenate. The precipitate formed during dialysis was removed 
by centrifugation at 10,000 x g for 30 minutes and discarded. 

Step III. The dialyzed supernatant fraction was adjusted to 
pH 6.0 with dropwise addition of acetic acid, and any precipitate 
formed during this treatment was removed by centrifugation. 
Calcium phosphate gel suspension (20 mg. dry weight per ml.) 
(16) was added and the mixture was allowed to stand for 15 min- 
utes. Usually 80 to 90 per cent of the enzyme was adsorbed by 
? volume of the gel suspension. The gel was collected by cen- 
trifugation at 6,000 x g for 10 minutes and was washed once 
with cold water. The enzyme was eluted three times with 3 
volume of 0.2 Mm Na phosphate buffer, pH 6.5, and the eluates 


combined. 
Step IV. The eluate was adjusted to pH 7.2 with 1 N sodium 
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TaBLeE I 
Purification of tryptophan pyrrolase from 
tryptophan-adapted Pseudomonas 
ml. units mg./ml. % 
Step I 162.0 4.3 15.3 0.28 100.0 
Step II 32.0 18.1 6.6 2.70 83.5 
Step III 46.0 5.3 1.3 4.10 35.2 
Step IV 8.0 21.3 2.2 9.70 24.5 


hydroxide, then 4 volume of saturated ammonium sulfate, pH 
7.2, was added slowly. After 30 minutes the mixture was cen- 
trifuged at 10,000 x g for 30 minutes. The precipitate was dis- 
solved in 7 ml. of the 0.1 m Na phosphate buffer pH 7.2. 

At this final stage the enzyme was usually purified about 35- 
fold with a yield of 25 per cent (see Table I). The highest spe- 
cific activity obtained was 17.6 and the spectrum of this prepa- 
ration is illustrated in Fig. 1 to show its porphyrin nature. 

Most of the kynurenine formamidase activity was removed by 
the first ammonium sulfate fractionation (Step II) and the ratio 
of the rates of formation of formylkynurenine to its hydrolysis 
was about 300 to | after the second ammonium sulfate fraction- 
ation (Step IV). The Step 1V preparation contained a negligible 
amount of catalase (usually less than 2 ug. per ml.), measured 
by the spectrophotometric assay of hydrogen peroxide decompo- 
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0.1 
400 500 600 700 
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Fic. 1. Spectra of highly purified bacterial tryptophan pyrro- 
lase (@——@) and of its dipyridine hemochrome (O——O). The 
enzyme (from Step IV of purification) contained 3.5 mg. protein 
and 61.5 units per ml. Its specific activity was 17.6. The hemo- 
chrome was made from another preparation (specific activity 5.9) 
by HCl-acetone and reduction with sodium dithionite. It was 
measured in 0.2 N NaOH. 
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sition (17). It did not show any peroxidase activity with pyro- 
gallol in the presence of hydrogen peroxide (18). The purified 
enzyme was very labile and about 50 per cent loss in activity 
occurred on over-night storage. The enzyme was almost com- 
pletely inactivated by ethanol, methanol, and acetone fractiona- 
tion procedures. 

Rat Liver Enzyme—Freshly removed livers of six trvptophan- 
adapted rats were homogenized, centrifuged, and the supernatant 
fraction precipitated and washed at pH 5.4 as previously de- 
scribed (2). The solution of this precipitate in 0.1 M Na phos- 
phate buffer, pH 7.2, was reprecipitated by addition of 3 volume 
of saturated ammonium sulfate adjusted with ammonia to pH 
7.2. The precipitate was then taken up in a small volume of 
buffer and recentrifuged to clarify it for the optical assays. The 
specific activity usually was about 0.25. The preparations were 
catalase-free, but they were not sufficiently concentrated to iden- 
tify a porphyrin spectrum. 


Properties of Animal and Bacterial Enzymes 


A systematic comparison of the bacterial enzyme was made 
in regard to the characteristic properties already established for 
the liver enzyme (2, 4, 10, 11). 


TaB_Le II 


Reaction of purified Pseudomonas tryptophan pyrrolase 


L-Tryptophan 
Oxygen Formylkynu-| Kynurenine 
uptake renine formed) formed” 
Initial Final 
pmoles pmoles pmoles 
Experiment I 4.0 0.0 4.45 3.9 4.0 
Experiment II] 8.0 0.0 8.65 6.6 7.5 


* Formylkynurenine was determined at 320 mp (e = 3750) (19) 
then kynurenine formamidase was added and kynurenine deter- 
mined at 365 mug. 


% 


ACTIVITY 
T 


10 20 30 40 50 60 70 80 90 
OXYGEN CONTENT 

Fic. 2. Activity of bacterial tryptophan pyrrolase as a function 
of oxygen concentration. Reactions were run in Thunberg-type 
cuvettes equilibrated with various N»-Os mixtures. 


j 
100 % 


Tryptophan Pyrrolase (Peroxidase-Oxidase) 


IIl 


Inhibitors of purified Pseudomonas tryptophan 
pyrrolase reaction 


Compound | Concentration Inhibition 

M % 
KCN 4x 10-4 58 
2X 10° S4 
NH.OH 4X 10-4 57 
2x 75 
4X 56 
2X 70 
NaF 2X 10°3 9 
CO (in dark) 80°. (20°) Ov) 100 
20% (20% 77 

No) 
Na dithionite 5.7 X 10°" 100 
ferricyanide 5.7 10-4, 100 
Cysteine 5.7 X 10-4 SS 
Glutathione 5.7 10-4 70 
Thiomalic acid 5.7 25 
Na Versenate 5.7 K 0 
8-Hydroxy quinoline 5.7 10-4 0 
Na diethyldithiocarbamate 5.7 X 10-4 0 
| 5.7 X 100* 


* The inhibition by Cu** was specific in that similar concentra- 
tions of Mn**+, Mg**, Zn**, Mot*, Co**, Ni**, Fe**, and Al**+ 
did not inhibit. Fe*** caused slight inhibitions (20 per cent at 
6 X 107-4 Mo). 


Reaction—.-Tryptophan oxidation by Pseudomonas sp. ex- 
tracts has yielded kynurenine and formic acid, which have been 
isolated (7, 9). Although formylkynurenine was not accumu- 
lated, the extracts contained an active formylkynurenine form- 
amidase (5). Table II shows that the reaction catalyzed by 
the purified Pseudomonas enzyme is identical with that cata- 
lyzed by the animal enzyme (Equations 1 and 2). One molecule 
each of L-tryptophan and of Os disappeared to form 1 molecule 
of formylkynurenine. The latter compound was accumulated 
quantitatively by the purified bacterial enzyme in the absence 
of added formamidase, and identified by its absorption curve (10) 
and by its conversion to kynurenine on addition of purified 
formamidase. The same kind of identification was made with 
the liver enzyme. There was no evidence throughout the puri- 
fication of either enzyme for the separation of the oxidation reac- 
tion into two steps. 

No other substrate than L-tryptophan has been found for the 
liver enzyme. b-Tryptophan was neither oxidized by the puri- 
fied bacterial enzyme nor did it inhibit the oxidation of L-tryp- 
tophan. pDL-a-Methyltryptophan, contrary to the report of 
Sourkes and Townsend (20), was not oxidized by the liver en- 
zyme or by the bacterial enzyme (Dr. Morton Civen, unpub- 
lished results). DL-a-Methyltryptophan did inhibit tryptophan 
oxidation slightly. The affinity of the bacterial enzyme for L- 
tryptophan (KA,,, 3.5 & 10°4 mM) was almost identical with that 
observed for the animal enzyme (A,,, 4 * 10-4 Mm). The pH 
optima for the two reactions were substantially the same (pH 
7.0 to 7.2). 

The affinity of the bacterial enzyme for oxygen, determined 
by its per cent maximal activity in different concentrations of 
oxygen, is shown in Fig. 2. About 50 per cent of the full activ- 
ity occurred in the presence of 13 volume per cent Os. The af- 
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Fic. 3. Carbon monoxide inhibition of tryptophan pyrrolase 
and its partial reversal by light. The cuvette containing CO (20 
per cent CO—20 per cent O.—60 per cent N:) (Curve B) was held 
alternately in the dark or 10 em. from three 200-watt tungsten 
lamps in a constant temperature bath, and removed briefly for 
optical density determinations. The control containing air (Curve 
A) was not illuminated but was handled similarly. 


finity of the liver enzyme for oxygen was similar. The require- 
ment for O2 was explained by the incorporation of O.'* into the 
product (7). 

Inhibitors of Tryptophan Pyrrolase—The effects of a number 
of inhibitors on the reaction of the bacterial enzyme is given in 
Table III. Of particular interest was the sensitivity of the re- 
action to eyvanide, hydroxylamine, and azide, common inhibitors 
of ferric-porphyrin enzymes, and the light-reversible CO inhibi- 
tion and inhibition by Cut+*. The liver enzyme was inhibited 
by these same substances. 

The light reversible CO inhibition, characteristic of ferrous 
porphyrins, is shown in Fig. 3. As with the animal enzyme, 
complete CO inhibition was not reversed by light, but partial 
inhibition was partially reversed. The bacterial enzyme when 
completely inhibited by CO was fully reactivated by aeration. 

The bacterial and liver enzymes therefore had nearly identical 
properties in addition to the effects of catalase, peroxide and 
cyanide described below. The hemoprotein nature of the tryp- 
tophan pyrrolase, suggested by the properties of the liver enzyme 
and reaffirmed by the properties of the bacterial enzyme, was 
supported by the spectrum of the purified bacterial enzyme given 
in Fig. 1. 


Porphyrin Nature of Enzyme 
It was not possible to show parallel increases in specific activ- 
ity of tryptophan pyrrolase with increases in the concentration 
of the porphyrin by absolute measurement at 403 my because 
large amounts of other substances absorbing nonspecifically near 
400 my were removed during purification. The evidence that 
the porphyrin obtained was associated with the enzyme activity 
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consisted of (a) its virtual absence from crude and purified ex- 
tracts of bacteria which were not grown in tryptophan and 
which had almost no tryptophan pyrrolase activity, (6) its pres- 
ence in all active preparations of the enzyme, (c) the absence of 
other porphyrin protein activities (peroxidase, catalase, cyto- 
chrome) in these active enzyme fractions, and (d) the specific 
alterations in the spectrum of this porphyrin by the substrate 
and by inhibitors during the tryptophan pyrrolase reaction. 
These alterations will be described. 

The spectrum of the undiluted enzyme as isolated (ferric form) 
with its Soret band at 403 my (Figs. 1 and 4) was changed to 
one with the Soret band at 433 my (Fig. 4) by ascorbic acid 
plus L-tryptophan (but not p-tryptophan), very slowly (80 min- 
utes) if incubated anaerobically, but immediately if incubated 
aerobically. No change occurred with ascorbic acid in the ab- 
sence of L-tryptophan. The new spectrum was identified as that 
of the ferrous form of the enzyme, since the same spectrum was 
produced in the absence of L-tryptophan by reduction of the 
enzyme with sodium dithionite or with H, in the presence of Pd. 
In the latter instance the enzyme was reoxidized by air to the 
ferric form and was still active in the assay system. Further 
evidence that the 433 my Soret band formed in each of the above 
reductions represented the ferrous form of the enzyme was its 
conversion by CO to a new spectrum with a 420 my Soret band 
(Fig. 4). The locations of the Soret bands produced by various 


403 my 


x 420 my 


433 my 


0.1¢- 


OPTICAL DENSITY 


390 410 430 450 


WAVE LENGTH my 


Fic. 4. Reduction of bacterial tryptophan pyrrolase by L-tryp- 
tophan. All solutions contained 2 X 10-4 mM ascorbie acid as a 
source of peroxide, and were measured immediately after additions 
of enzyme and substrate. Enzyme (A, ferric) and enzyme plus 
L-tryptophan (B, ferrous) in air; enzyme plus L-tryptophan in 80 
per cent CO—20 per cent O» (C, carboxy-enzyme). 
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reagents are summarized in Table IV. The location of the a- 
and 6-bands could not be precisely fixed with the concentrations 
of enzyme available. The ferric enzyme showed peaks near 625 
my and near 545 my and 500 mu. These were changed in the 
ferrous enzyme and its CO derivative to double peaks above 550 


TABLE IV 
Location of Soret bands of various forms of purified 
Pseudomonas tryptophan pyrrolase 


3 | wi | | Dipyridine 
Enzyme form 4 | +CN 4 ro 
| +] + 
y-Band (mu) | 403 | 415 | 418 | 418 | 433 420 | 417 (@ = 557, 
| | 8 = 520) 


* Reduced enzyme was prepared by incubation with L-trypto- 
phan, with H. and Pd, or with Na dithionite. 


Tryptophan Pyrrolase (Peroxidase-O.xidase) 
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Kia. 5. Catalase inhibition of bacterial tryptophan pyrrolase 
(C) and its prevention by peroxide generated from glucose oxidase 
plus glucose (B). Oxygen deficiency caused by the donor reaction 
eventually slowed Reaction B. Standard assay without catalase 
(A). Additions to the standard assay were catalase 250 yug., glu- 
cose oxidase 25 units (21), glucose 10 umoles. 


mu. 
chrome prepared from the prosthetic group which was cleaved 
with HCl-acetone by standard procedures. 
520, and 557 my were not identical with any described. 


Action of Catalase 


The basis for the postulated role of peroxide in the tryptophan 
oxidation reaction with the animal enzyme was its inhibition by 
catalase. When the bacterial enzyme was obtained catalase free 
(Step IV), catalase added before the start of the reaction was 
readily demonstrated to inhibit the reaction about 70 per cent, 
Generation of small amounts of peroxide during the reaction, 
either with glucose oxidase and glucose (Fig. 5) or with ascorbic 
acid, prevented this inhibition. An amount of catalase too small 
to inhibit significantly the enzyme reaction became an effective 
inhibitor in the presence of ethanol as a result of the higher af- 
finity for peroxide which catalase shows in its peroxidatice reac- 
tion with ethanol than when functioning catalatically (22). 
With very dilute solutions of hydrogen peroxide itself, it was 
also possible to activate the catalase-inhibited reaction (Table 
V). Peroxide in the absence of tryptophan pyrrolase had no 
measurable effect on L-tryptophan. 

The action of peroxide on the enzyme was clarified by deter- 
mining the time when catalase exerted its effect when added to 
the continuously assayed reactions of the bacterial and liver en- 
zvmes. 
of the bacterial or liver enzvmes when added after the reaction 
had begun. The requirement for peroxide was therefore limited 
to a period at the start of the reaction during which the enzyme 
became activated, and peroxide was apparently not needed in 
the tryptophan oxidation reaction itself. 


Action of Cyanide 


By the same type of experiment used to determine when cata- 
lase acted, the inhibition by cyanide was found to be much di- 
minished and slow in developing if added to the reaction after 
it had begun (Figs. 7 and 8). Since the ferric forms of the iron 
porphyrin enzymes react with cyanide, this form apparently 
existed only before the reaction started, at the same period when 
peroxide was required to activate the enzyme. The disappear- 
ance of the enzyme’s sensitivity to cyanide may be referred to a 
reduction of inactive Fe+*+* enzyme to Fe*+*+ enzyme by perox- 
ide. Thereafter, peroxide was unnecessary and the reaction was 
no longer inhibited by catalase and only slowly by cyanide. 


TABLE V 
Prevention of catalase inhibition of tryptophan 
pyrrolase with hydrogen peroxide 
Hydrogen peroxide was added last to standard assay reactions 
of purified Pseudomonas enzyme not containing ascorbic acid or 
other sources of peroxide. 


Catalase H2O2 : Observed activity | Per cent 
mg. M | pmoles/10 min, | 
0 0 0.934 | 100 
1.0 0 0.205 | 22 
1.0 2.8 xX | Q).452 | 49 
1.0 5.70 X 10-5 0.710 | 76 
1.0 8.55 & 107° 0.823 SS 
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Also given in Fig. | is the spectrum of the dipyridine hemo. 
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Activation of Tryptophan Pyrrolase by Peroxide 


A lag period of at least several minutes often occurred at the 
start of the reaction with preparations of both the bacterial and 
the animal enzymes, especially if they were aged for several days. 


0.9¢ 


Time (Min) 


Fic. 6. Effects of catalase on bacterial (Fig. 6A) and liver (Fig. 6B) tryptophan pyrrolase reactions. 
Inhibition by 1 mg. of catalase added before the reaction was started (Curve C). 


A). 
utes after reaction had begun (Curve B). 
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Fic. 7. Effects of cyanide on bacterial tryptophan pyrrolase reac- 
tion. Standard assay (B), plus ascorbic acid (A). Inhibition 
by KCN (2 X 10-3 m) added before the reaction was started (C). 
Small and slowly developing inhibition when KCN was added at 
arrows after the reaction started (A and B). The presence of 
ascorbic acid (5.7 X 1074 M) in the system (A) minimized the KCN 
inhibition, presumably by accelerating the reactivation of any 
enzyme which became oxidized to the ferric form. Note that 
oo acid also shortened the initial lag period (dotted lines in 
A cf. B). 
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In the experiments of Fig. 7, and especially in Fig. 8, it can be 
seen that ascorbic acid or methylhydroperoxide, added as a source 
of peroxide, shortened the lag period. In Fig. 5 the lag period is 
lengthened by catalase and shortened by the generation of perox- 
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Fic. 8. Effects of cyanide on liver tryptophan pyrrolase reac- 
tion. Inhibition by KCN (1.2 X 10-3 m) added before reaction 
was started (Curve E). Small and slowly developing inhibition 
when KCN was added after reaction started (at second arrow) in 
Curves B and C. The presence of ascorbic acid (2.8 K 107-4 Mm) in 
Reaction B minimized development of KCN inhibition. Curve D 
shows the long lag period of this one week old liver enzyme prep- 
aration (cf. Curve A, with CH;OOH added). To all other reac- 
tions CH;O0H (8.7 K 10-° Mm) was added at the first arrow to abol- 
ish this lag. 
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TABLE VI 


Shortening of lag period in tryptophan pyrrolase reaction 
by hydrogen peroxide or methylhydroperoxide 


Peroxide concentration | Lag period 
M | min. 
I-xperiment 1 None | 1.80 
CH;00H: 9.3 & 1078 0.82 
CH;00H: 2.8 K 1075 0.42 
2 | None 2.06 
| HOOH: 2.85 107° 1.55 
_HOOH: 9.3 X 0.66 
HOOH: 2.85 X 1075 0.32 
403 my 
0.2-- 
= 
= 
> 433 ms 
0.1! 
B 
A 
390 410 430 450 


WAVE LENGTH my 


Fic. 9. Reduction of bacterial tryptophan pyrrolase by hydro- 
gen peroxide in presence of L-tryptophan. Spectra determined 
immediately after addition of L-tryptophan to A, and L-trypto- 
phan plus 1.0 X mM to B. 


ide with glucose oxidase and glucose. These observations sug- 
gested that the reaction lagged during the period of obligatory 
reduction by peroxide of inactive ferric enzyme to the active fer- 
rous form. Direct evidence of this role for peroxide was obtained 
by the use of dilute solutions of hydrogen peroxide and methyl- 
hydroperoxide. The lag periods of reactions without catalase or 
ascorbic acid, determined by extrapolation of the linear portion 
of the curve to the time axis as in Fig. 7, are given in Table VI. 
Addition of hydrogen peroxide and methylhydroperoxide signifi- 
cantly shortened the lag period. The spectra in Fig. 9 of the 
undiluted Pseudomonas enzyme recorded immediately after ad- 
dition of L-tryptophan without and with dilute hydrogen perox- 
ide shows that the enzyme was reduced to the active ferrous form 


Tryptophan Pyrrloase (Peroxidase-Oxidase) 


only in the presence of hydrogen peroxide. This did not occur — 


in the absence of L-tryptophan. The reduced enzyme formed 
the typical CO derivative of the ferrous enzyme. 
were obtained with methylhydroperoxide. In the absence of L- 
tryptophan the enzyme was very sensitive to peroxide; the same 
dilute peroxide solutions decreased the height of the Soret band, 
shifted the maximum to about 408 my, and irreversibly inacti- 
vated the enzyme. 
an aged animal enzyme which showed a prolonged lag period 
which was eliminated by methylhydroperoxide. 


No activation or reduction of the enzyme occurred with potas- | 
sium chloriridate or potassium molybdocyanide (23), samples of — 


which were kindly given by Dr. P. George, nor did these reagents 
or peroxide produce transient spectral changes in the tryptophan 
pyrrolase resembling the Fe'Y or FeY forms they produce with 
horseradish peroxidase, methemoglobin, and catalase (24). 
There is no evidence, therefore, that the reduction of tryp- 
tophan pyrrolase from the ferric to the ferrous form is other 
than a direct one occurring in the presence of L-tryptophan and 
peroxide, although the mechanism of this remains to be clarified. 
Valence State of Iron in Tryptophan Pyrrolase Reaction 

The evidence thus far described indicated that the tryptophan 
pyrrolase was isolated in an inactive ferric form which was re- 
duced by peroxide in the presence of L-tryptophan to the active 
ferrous form. Peroxide was then no longer necessary, except 
to reactivate small amounts of enzyme which might be oxidized 
in side reactions, since the formation of the CO-complex of the 
active enzyme and the enzyme’s insensitivity to cyanide indi- 
cated that it remained in the ferrous form during the reaction. 


Additional evidence for this view was obtained by the use of — 


ferricyanide, already described as an effective inhibitor of the 
enzyme reaction. Ferricyanide would be expected to oxidize the 
active ferrous enzyme to the inactive ferric form. The prompt 
inhibition of the reaction after addition of ferricyanide is shown 
in Fig. 10. The inhibited enzyme was reactivated by ascorbic 
acid, which served as a source of peroxide for the reduction. 


Less complete reactivation occurred if cyanide was added to re- | 


act with the ferric form of the enzyme. It was concluded that 
ferricyanide inhibited the reaction by forming the inactive ferric 
enzyme. 


DISCUSSION 


The properties of the Pseudomonas tryptophan pyrrolase were 
found to be comparable in every respect to those of the liver 
enzyme, so that a postulated coupled oxidation mechanism was 
equally appropriate for both enzymes. However, the bacterial 
enzyme was available in a form sufficiently purified to identify 
it as a hemoprotein and to permit direct testing of the two funda- 
mental assumptions of the earlier postulated reaction mecha- 
nism: that peroxide was formed and used up in the reaction it- 


Vol. 234, No. 5 


Similar results 


The experiments in Fig. 8 were done with | 


self, and that the iron changed valence in the course of the — 


reaction. 
bacterial enzyme needed only very small and not stoichiometric 
amounts of peroxide, amounts such as might be generated by side 
reactions in the assay system. The peroxide acted only at the 
beginning of the reaction in connection with the reduction of the 
ferric enzyme to the active ferrous form. Though the mecha- 


The evidence given indicated that the reaction of the — 


nism of this activation is still not clear, it would be analogous to — 


the reduction of methemoglobin and of catalase-azide complex 
to their oxygenated ferrous forms by peroxide under anaerobic 
conditions (25, 26). The evidence indicated that there was no 
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Fig. 10. Inhibition of bacterial tryptophan pyrrolase reaction by ferricyanide (1.4 X 10-4 m) added at first arrows. 


Reactivation 


by ascorbic acid (5.7 X 10-4 M) was nearly complete (Fig. 104), unless KCN (1.1 X 1073 M) was added first to react with the inactive 


ferric enzyme (Fig. 108). 


further change in the valence of the active enzyme in the course 
of the reaction itself, although the occurrence of a continuing 
slow conversion of the enzyme to the ferric form followed by re- 
activation was indicated by the slowly developing inhibition 
when cyanide was added to the going reaction. The crucial 
points of this evidence were the lack of inhibition by catalase and 
cyanide after the reaction had started. These points were also 
demonstrated with the liver enzyme. The several changes go- 
ing on in the reaction with tryptophan pyrrolase from either 
source can therefore be formulated as follows: 


(CN and catalase inhibition) 


Inactive 


H,O, + L-tryptophan 


Fe*** .enzyme 
| 


Fe**.O..enzyme 
+ Or ( 


Fe**. enzyme 


L-tryptophan 
Active 
formylkynurenine 


| 
| 
| 
| 
| 
| 
| 
: (CO inhibition) 

This scheme offers a satisfactory explanation for the major 
properties of the enzyme which have been described. The lag 
period frequently seen at the start of the reaction with aged en- 
zyme (in which sources of peroxide formation are diminished), 
probably represents the time needed for the conversion of the 


inactive ferric to the active ferrous enzyme by substrate and 
slowly accumulated hydrogen peroxide. Without an adequate 
source of peroxide, a prolonged lag period could occur, as in Fig. 
8, and this could possibly be misinterpreted as the time needed 
to induce the enzyme in cell-free preparations. Since quantita- 
tive measurements of tryptophan pyrrolase are always made in 
the presence of a source of peroxide, the new knowledge of the 
reaction suggested no way in which a given amount of enzyme 
could become more active under tiie usual assay conditions. The 
new knowledge of the reaction mechanism therefore strengthens 
the belief that increases in enzyme activity which have been ob- 
tained by adaptation of animals with the substrate or with 
adrenal corticoids represent increased amounts of enzyme (27). 


SUMMARY 


The enzyme of Pseudomonas catalyzing the oxidation of L- 
tryptophan to formylkynurenine was partially purified and iden- 
tified as an iron porphyrin protein. Its properties were nearly 
identical to those of the liver enzyme catalyzing the same reac- 
tion. 

The reaction mechanism, previously formulated as a coupled 
oxidation, is a direct oxygenation of the substrate with molecular 
oxygen by the ferrous enzyme. The role of peroxide in the reac- 
tion was demonstrated to be its conversion of the inactive ferric 
enzyme in the presence of substrate into the active ferrous form 
of the enzyme. Tryptophan pyrrolase is suggested as a more 
appropriate name than the familiar but incorrect tryptophan 
peroxidase-oxidase. 
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Isolation and Identification of the Products of the 


Oxidation of Choline* 


Max JELLINEK, D. R. STRENGTH, AND SIDNEY A. THAYER 


From the Department of Biochemistry, St. Louis University School of Medicine, St. Lowis, Missouri 


(Received for publication, November 18, 1958) 


The results of liver perfusion experiments of Guggenheim and 
Loeffler (2) suggested that choline is oxidized to betainealdehyde 
(formylmethyltrimethyl] ammonium ion). The products of re- 
actions in vitro (3-6) exhibited the properties of betainealdehyde 
and betaine. It was shown that these products are formed by 
two enzymes of rat liver (7), choline oxidase of mitochondria 
(8, 9), and betainealdehyde dehydrogenase of the cytoplasmic 
fraction (10, 11). These two enzymes were separated (12) by 
the technique of differential centrifugation (13), and betaine- 
aldehyde dehydrogenase was obtained in a partially purified form 
from the cytoplasm of rat liver homogenates (11). The syn- 


| theses of betainealdehyde (14, 15) and betainealdehyde chloride 


hydrate (16) had been reported previously. The aldehyde was 
isolated (17) as the picrate of its 2,4-dinitrophenyvlhydrazone, 
identified, and a colorimetric assay method was developed with 
this derivative as a standard. This assay makes possible the 
quantitative determination of betainealdehyde and its dehydro- 
genase, and also of choline oxidase. The present report describes 
the synthesis, purification, and identification of betainealdehyde 
chloride hydrate, and the quantitative separation, purification, 
and identification of the products of the oxidation of choline. 


EXPERIMENTAL! 


Betainealdehyde Synthesis—The synthesis was carried out by 
modifications of the procedure of Fischer (14). Aminoacetal? 
was methylated three times successively with methyl] iodide in 
absolute ethanol at room temperature. Hydriodic acid was re- 
moved after each step by treatment with freshly prepared cal- 
cium oxide; calcium iodide and the excess of calcium oxide were 
removed. The filtered reaction mixture was concentrated under 
reduced pressure. The crystals of trimethylaminoacctal iodide 
which formed were collected (70 per cent yield) and dissolved in 
water; the iodide was exchanged for chloride by treatment with 
silver chloride. After filtration, the aqueous solution was evap- 
orated in a vacuum. The residue, trimethylaminoacetal chlo- 
ride, was hydrolyzed with concentrated hydrochloric acid under 
vacuum and in an atmosphere of nitrogen at 55°. The remaining 
acid was removed in a vacuum desiccator containing sodium 


* These data were reported, in part, at the meetings of the 
Federation of the American Societies for Experimental Biology 


1 All melting point determinations were taken on the Fisher- 
Johns apparatus. The infrared spectra were obtained in Nujol 
with a Perkin-Elmer model 21 spectrometer with rock salt optics. 
We are indebted to Dr. W. H. Elliott for conducting and inter- 
preting the results of infrared experiments. 

? Aminoacetal was obtained from Aldrich Chemical Company, 
Inc., Milwaukee, Wisconsin and purified by distillation. 


hydroxide. The product was dissolved in a minimal quantity of 
glacial acetic acid at room temperature’ and 7 volumes of acetic 
anhydride were added. Betainealdehyde chloride crystallized 
after storage of the mixture in the cold. The product, recrystal- 
lized four times, was dried over phosphorus pentoxide for 12 
hours at 3 mm. of mercury at 56°. The infrared analysis of the 
anhydrous product showed peaks at 1728 and 788 em-!. <A du- 
plicate sample exposed to the moist atmosphere of the room for 3 
minutes did not show these peaks. The infrared spectrum of 
anhydrous trichloroacetaldehyde showed a distinctive peak at 
1766 cm-; the hydrate does not show this peak. The analogous 
peaks at 1728 and 1766 cm are due to the carbonyl groups of 
anhydrous betainealdehyde and anhydrous trichloroacetalde- 
hyde, respectively. Betainealdehyde chloride is hydrated read- 
ily and melts at 142-144°; reported m.p., 123-124° (16). 


Calculated: C 38.50, H 9.00, N 9.00, Cl 22.81 
Found: C 38.14, H 9.06, N 8.93, Cl 22.47 


Preparation of Picrate of 2,4-Dinitrophenylhydrazone of Beta- 
inealdehyde—A weighed quantity of synthetic betainealdehyde 
was dissolved in water and added to an equivalent quantity of 
2 ,4-dinitrophenylhydrazine dissolved in 1 N HCl. The mixture 
was heated for 15 minutes in a boiling water bath and then cooled 
in tap water. An excess of picric acid dissolved in water was 
added. Crystals of the derivative began to accumulate immedi- 
ately, and the mixture was allowed to stand at 5° for 2 hours. 
The compound was collected, dissolved in ethanol, and crystal- 
lized after the addition of water. After three recrystallizations, 
the melting point of the product was 181-183°. 


Calculated: C 40.00, H 3.53, Picrie acid 44.70 
Found: C 39.60, H 3.55, Pierie acid 44.53 


The picric acid was removed quantitatively from a weighed 
portion of the derivative after solution in 1 N HCl by three ex- 
tractions with benzene. The picric acid was extracted from the 
benzene with 1 N sodium hydroxide and the absorbancy of alka- 
line picrate was measured colorimetrically at 358 my. Purified 
picric acid (18) was used as a standard. 

Betainealdehyde Assay—A weighed portion of the picrate of 


3 It does not seem desirable to heat betainealdehyde in the 
presence of acetic anhydride since we obtained a product after 
refluxing which gave nitrogen and chloride values comparable to 
those calculated for the monoacetate of hydrated betainealdehyde 
chloride. 
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the 2,4-dinitrophenylhydrazone of betainealdehyde was used as 
a standard for the colorimetric assays. After extraction of picric 
acid with benzene, sodium hydroxide was added to the aqueous 
phase to produce a dark red color with maximal absorbancy at 
438 mu. The absorbancy was measured with a Klett-Summer- 
son colorimeter (No. 42 filter), and a standard curve constructed. 
For the assay of synthetic betainealdehyde or the betainealde- 
hyde (10 to 100 ug.) in deproteinized reaction mixtures, the solu- 
tions were mixed with 1 ml. of a saturated solution of 2 ,4-dinitro- 
phenylhydrazine prepared in 1 N HCl, diluted to 5 ml., and 
heated in a boiling water bath for 5 minutes. The reaction mix- 
ture was cooled to room temperature, and 10 ml. of 2 N sodium 
hydroxide were added. After dilution to 50 ml., the absorbancy 
was measured with proper blanks for each determination. 


RESULTS AND DISCUSSION 


Stoichiometry of Choline Oxidation—Choline chloride was in- 
cubated with mitochondria from rat livers in closed Warburg 
vessels, and oxygen uptake was measured for 90 or 150 minutes. 
The incubation mixture was then deproteinized by the addition 
of trichloroacetic acid (final concentration, 5 per cent), centri- 
fuged, and aliquots of the supernatant fluid were assayed for 


TABLE 
Oxidation of choline to betainealdehyde by rat liver mitochondria 


No. of determinations Oxygen consumed | Betainealdehyde formed 


| patoms pmoles 
12* 23.92 + 2.13 | 23.33 + 0.51 
1ST : 28.89 + 1.83 | 27.75 + 0.48 


* The incubation mixture contained 71.4 uwmoles of choline 
chloride, mitochondria from 200 mg. of fresh liver, 0.04 umole of 
cytochrome c, and 0.083 M phosphate buffer, pH 7.4. The mixture 
was incubated in Warburg vessels for 90 minutes at 27.8°. 

+ Incubated for 150 minutes. 

The values given are expressed as the mean and the standard 


deviation. 


TABLE II 


Identification of the products of oxidation of choline* 


Weight of crude reineckates recovered 


Dinitrophenyl- 
i 
etaineaidehyde Betainealde- Total 
hydet  Cholinet | Betaine§$ recovery 
mmoles | mmoles | % 
14.7 15.1 | 99 
14.1 14.8 | 12.4 | 0.9 96 


* Mitochondria of nine rat livers were incubated with 29.2 
mmoles of choline chloride, 4.6 wumoles of cytochrome c, and 0.05 
M phosphate buffer, pH 7.4, at 37.8° for 240 minutes in a total vol- 
ume of 500 ml. 

+t The reineckate of this product after recrystallization begins 
to decolorize at 183°, blackens with decomposition at 216-219°, 
does not melt at 290°; the reineckate of synthetic betainealdehyde 
begins to decolorize at 184°, blackens with decomposition at 216- 
218°, does not melt at 290°. Reported melting point of reineckate 
of betainealdehyde is 255-260° (6). 

t Choline reineckate; melts and decomposes at 256-258°; au- 
thentic substance, melts and decomposes at 257-258°. 

§ Betaine reineckate; melts and decomposes at 156-158°; au- 
thentic substance, melts and decomposes at 154-156°. 
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betainealdehyde. The relationship between the amount of oxy- 
gen consumed and the amount of betainealdehyde produced is 
shown in Table I. 

Isolation of Reineckates of Products of Choline Oxidation—The 
livers of nine adult rats were homogenized (Waring Blendor at 50 
volts) in 9 volumes of 0.88 m sucrose. Mitochondria, prepared 
by differential centrifugation (13), were incubated with 4 gm. of 
choline chloride for 4 hours at pH 7.4 and 37.8° with constant 
shaking under an atmosphere of oxygen. After incubation, suf- 
ficient solid trichloroacetic acid to give a final concentration of 
10 per cent was added, the mixture was centrifuged, and the be- 
tainealdehyde content of the supernatant fluid was determined 
(Table II). 

Strack and Schwaneberg (19) showed that choline and betaine 
reineckates are separated by crystallization of choline reineckate 
from an alkaline solution in which the betaine reineckate remains 


soluble. We found that the sodium salt of the bisulfite addition 
product of betainealdehyde reineckate was also soluble in water. 
These observations permitted the quantitative separation of cho- | 
line, betainealdehyde, and betaine reineckates. The deprotein- 
ized reaction mixture was neutralized in an ice bath by the addi- 
tion of sodium hydroxide and sufficient sodium bisulfite was 

added to give a concentration 6 times the concentration of alde- 

hyde. The mixture was adjusted to pH 7.6 by the use of solid 

sodium carbonate, and 1 1. of 2 per cent aqueous ammonium rei- 

neckate solution was added. The precipitate of choline reineck- | 
ate was removed and the filtrate was adjusted to pH 12 with 
sodium hydroxide to cleave the bisulfite complex and to render 
the betainealdehyde reineckate insoluble. This was removed, 
and the filtrate was acidified with concentrated hydrochloric acid 
and the betaine reineckate precipitated. Each of the reineck- 
ates was washed with water, dried, and weighed (Table II). 
The reineckate of betainealdehyde hydrate was _ recrystallized 
from acetone. The molecular weight of the reineckate of beta- 
inealdehyde hydrate was determined by a colorimetric procedure 
described by Beattie (20). Choline reineckate was used as a 
standard, and the absorbancy of reineckates at 525 mp was meas- 

ured. The nitrogen content of the reineckate was determined | 
by the Kjeldahl method (21) with hydrogen peroxide as the ox- 
idizing agent. | 


Calculated: N 22.33, mol. wt. 439 
Found: N 22.09, mol. wt. 438 


Isolation of Enzymatically Produced Betainealdehyde—The be- 
tainealdehyde reineckate was ground in a mortar with an aqueous 
solution of silver sulfate to free the betainealdehyde and to pre- 
cipitate the reineckate as insoluble silver reineckate (22). The 
silver reineckate was removed, washed with water, and the sul- 
fate was removed from the aqueous phase as barium sulfate. 
The water was removed in a vacuum under an atmosphere of 
nitrogen and crude betainealdehyde chloride was obtained. 
This product was recrystallized four times and dried in an Ab- 
derhalden dryer (m.p., 142-144°). 


Calculated: C 38.50, H 9.00, N 9.00, Cl 22.81 
Found: C 38.13, H 9.15, N 8.92, Cl 22.70 


The infrared spectrum of this enzymatic product was identical 
to that of the synthetic betainealdehyde chloride hydrate. 
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Stoichiometry of Betainealdehyde Oxidation—Betainealdehyde 
hydrate was incubated with whole homogenate of rat liver for 
30 minutes at 37.8°. Each of 24 Warburg vessels contained 32 
umoles of betainealdehyde, 1.4 umoles of DPN, 0.05-m phosphate 
buffer, pH 7.4, and 0.5 ml. of a 10 per cent homogenate of rat 
liver in a total volume of 3.0 ml. The oxygen consumed was 
4.69 + 0.59 watoms; by assay the amount of betainealdehyde ox- 
idized was 4.82 + 0.06 umoles. The values given are the means 
and the standard deviations, respectively. 

Isolation and Identification of Product of Betainealdehyde De- 
hydrogenase—A partially purified betainealdehyde dehydrogenase 
was prepared (11). The activity of the fraction was 5 times that 
of the original cytoplasm of rat liver based upon protein content. 
The preparation (106 mg. of protein) was incubated with 227 
umoles of betainealdehyde, 385 wmoles of DPN, 3 X 10-3 M re- 
duced glutathione, 6 * 10-3 mM magnesium sulfate, and 0.1 mM phos- 
phate buffer, pH 7.4, for 270 minutes at 37.8°. The mixture was 


. deproteinized, and it was determined by assay that 34 uwmoles of 
- betainealdehyde remained. This suggested that 193 uwmoles of 
- betainealdehyde had been converted to betaine. 
i- recovered by differential solubility of reineckates (19) was 186 
_umoles of betaine reineckate (m.p., 156-157°). 


The betaine 


Betaine hydro- 
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chloride was obtained from the reineckate by displacement with 
silver ion (22), purified by crystallization from a mixture of 
ethanol-diethy] ether containing hydrochloric acid, and recrystal- 
lized twice from the same solvent system. The infrared spectra 
of the product and of commercial betaine hydrochloride crys- 
tallized from the same solvent system were identical. Their 
melting points were: isolated product, 236-237°; betaine hydro- 
chloride, 237—238°; when mixed, 236-239°; Dakin (23) reported, 
235-238°. The chloride analysis of the isolated products was: 
found: Cl, 22.95 per cent; calculated: 23.09 per cent. These re- 
sults indicate that betainealdehyde is oxidized to betaine by the 
partially purified betainealdehyde dehydrogenase. 


SUMMARY 


Methods for the synthesis, purification, and characterization 
of betainealdehyde are presented. A procedure for the forma- 
tion, purification, and characterization of the picrate of the 2,4- 
dinitrophenylhydrazone of betainealdehyde is described, and its 
application to the assay of the aldehyde is evaluated. Betaine- 
aldehyde and betaine were isolated from incubation mixtures and 
shown to be the products of the enzymes choline oxidase and be- 
tainealdehyde dehydrogenase, respectively. 
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Oklahoma City, Oklahoma 


(Received for publication, December 12, 1958) 


The complete separation of pepsin and gastricsin from human 
gastric juice by a chromatographic method has been reported 
recently (1, 2). This paper deals with the crystallization and 
the study of some properties of gastricsin. 


EXPERIMENTAL AND RESULTS 


Material 


The samples of human gastric juice were collected from pa- 
tients of the University Hospital and the Veterans’ Administra- 
tion Hospital in Oklahoma City, Oklahoma. The secretion of 
gastric juice was stimulated by injecting intravenously 10 units 
of insulin immediately before starting each collection. The gas- 
tric juice was collected in jars, cooled to 4°, and kept at this 
temperature. Samples from several patients were pooled, dia- 
lyzed against distilled water, and lyophilized in batches of about 
250 ml. Hog pepsin, crystallized twice, was purchased from 
General Biochemicals, Chagrin Falls, Ohio. The crystalline 
rennin was from Nutritional Biochemicals Corporation, Cleve- 
land, and the bovine hemoglobin substrate from Pentex, Kanka- 


kee, Illinois. 
Methods 


Proteolytic Activity—The procedure of Anson and Mirsky was 
used (3). The ‘‘tyrosine-like’’ substances which resulted from 
digestion were measured spectrophotometrically at 280 my in a 
Beckman DU spectrophotometer. 

Rennin Activity—The milk-clotting activity was determined 
according to the procedure described by Berridge (4). 

Nitrogen Determination—The microdiffusion technique of Selig- 
son and Seligson (5) was followed. 

Protein Concentration—The protein concentration was deter- 
mined spectrophotometrically at 280 my in a Beckman DU spec- 
trophotometer. 


Chromatographic Purification of Gastricsin 


The method of fractionation of human gastric juice with Am- 
berlite IRC-50-XE64 described by Richmond et al. (6) was fol- 
lowed, with modifications in the procedure of changing the in- 
fluent buffers. In the present procedure, elution with each buffer 
was maintained until the absorption at 280 my in the effluent 


* This investigation was supported in part by Research Grants 
A-1107 and A-1315 from the National Institute of Arthritis and 
Metabolic Diseases, United States Public Health Service. 


1174 


reached a base line value. 


The buffers used were, successively, _ 


0.2 m sodium citrate of pH 3.0, 3.8, 4.2, and 4.6. Columns of 
4.4 X 15 cm. loaded with 2.0 gm. of lyophilized gastric juice — 


gave most satisfactory separations. 


The flow rate was 10 ml. © 


per 8 minutes and 10 ml. per tube were collected. As shown | 
previously (2), pepsin and gastricsin were found in two peaks ~ 


eluted, respectively, at pH 4.0 and 4.4 of the effluent. 


This 


pattern has been reproduced in the fractionation of more than 40 — 


samples of gastric juices. i 


Crystallization of Gastricsin 


The gastricsin solution obtained from the Amberlite column 
was dialyzed against distilled water and lyophilized. About 20 
to 30 mg. of the powder obtained was dissolved with 2.0 ml. of 
distilled water at 4° and centrifuged at 2000 r.p.m. for 5 minutes. 
The supernatant solution was poured into a centrifuge tube, put 
into an ice bath, and 0.26 gm. of crystalline (NH,).SO, was 
added. The protein precipitate formed was centrifuged at 2000 
r.p.m. for 10 minutes, and the supernatant solution discarded. 
The precipitate was dissolved with 2.0 ml. of water and the 
previous precipitation repeated. The precipitate was dissolved 
with 2 ml. of cold sodium acetate buffer (pH 5.0). A clear solu- | 
tion was obtained to which crystalline (NH,).5O,4 was added in — 
small portions until the first indication of protein precipitation — 


was observed (approximately 0.2 gm. of (NH4)2SO,4 was re-_ 
quired). The tube was then placed in a water bath at 20° and— 
left for 5 minutes. If the turbidity disappeared, drops of satu- 
rated (NH,).SO, solution were added until it reappeared. The 
tube was then moved to a 40°-water bath, in which, after 5— 
minutes, the turbidity usually disappeared. When it did not, 
however, the insoluble material was removed by centrifugation. | 
The tube was placed in a beaker containing 2 1]. of water at 30° 
and moved into the 4°-cold room where, after 6 to 8 hours, 4 

white precipitate was formed. The first precipitate, however, 
was mostly noncrystalline and was removed by centrifugation 
in the cold room and at a low speed. The supernatant solution 
was left standing at 4° for a period of 20 to 30 hours during which 
crystals were formed. The crystals of gastricsin, shown in Fig. 1, _ 
were transparent, and the microscopic observations were best 
made in dim light. Seeding of crystalline gastricsin reduced the 
time required for the crystals to appear. After 2 to 3 days, the- 
first collection of crystals was made by centrifugation at low 
speed. The supernatant solution still contained enzyme activity, 
and the formation of more crystals could be obtained by addition 
of drops of saturated (NH,)2SO, solution. 


st 
iit 
| 


= 
? 


cw 
= 


May 1959 

Table I shows a protocol of the purification procedure. The 
specific activities of the crystalline gastricsin were 25 to 30 per 
cent higher than that of the lvophilized materials obtained by 
chromatography, and the vields, related to the same starting 
material, varied from 20 to 30 per cent. The crystallization 
procedure has been repeated more than 20 times in our labora- 
tories. 


Fig. 1. Crystalline gastriesin. XX 480. 


TABLE I 
Purification and crystallization of gastricsin 
The activities were measured according to the method of Anson 


and Mirsky (3) 


Specific Total 
Dry weight activity activity 
AOLD. 280/ me. | of 
protein 
Freeze-dried gastrie 2000 | 
Chromatographic fraction... 36 1538.6 60 
Second eryatale............:.. 6.7 242.5 | 17.6 


* There is no accurate determination of this value, because the 
uetivities of pepsin and gastricsin overlap in any measurement 
of these enzymes in total gastric Juice. The value for gastriesin 
given in this table was caleulated from the total proteolytic ac- 
tivity recovered from the column after adding the values of both 
peaks and then assuming that the per cent recoveries for pepsin 
and gastriesin were the same. 
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The shape and the activity of the crystals remained unaltered 
after 1 to 2 weeks at 4°, but at room temperature they tended to 
dissolve. In the cases in which gastricsin was recrystallized, 
there were no substantial changes in either shape or activity of 
the crystals. 


Observations on Homogeneity of Crystalline Gastricsin 


( Itracentrifugation—The sedimentation analysis of the erystal- 
line enzyme was performed with a Spinco model FE ultracentri- 
fuge. The samples were dialyzed against several changes of 
0.1 M sodium acetate buffer at pH 5.0 and ionie strength 0.1. 
The protein concentrations ranged from 0.4 to 0.9 per cent. 
The centrifugal speed was 59,780 r.p.m., with the temperature 
A single, symmetrical sedimenting bound- 
A typical sedimentation pat- 


ranging from 4—20°. 
ary was observed in all instances. 
tern is shown in Fig. 2. 

Zone Electrophoresis——The procedure of Smithies (7) was fol- 
lowed with the use of a Reeo model I-S800-2 electrophoresis cell 
to which was adapted a frame of Simplex-glass to contain the 
potato starch gel. Gel strips of 3. & 33 ¢m. with the thickness 
of 0.8 em. were prepared and left standing over night before use. 
A slit of 0.2-em. width was cut in the gel at a distance of one 
third of the length from the cathode. Approximately 2 mg. of 
crystalline gastricsin sample was blended with adequate amounts 
of supporting potato starch and applied in the slit. The electro- 
phoresis was performed at a constant gradient with a_ field 
strength of 4.55 volts per cm. at room temperature with tap 
water running in the cooling system. After the electrophoresis 
was completed, the gel was cut parallel to the bottom surface 
and one half was stained with Amidoblack 10B. In all instances 
only a single narrow band was observed (Fig. 3). The remaining 
half of the gel was cut perpendicularly to the long axis of the 
strip at 0.5-cm. intervals and the pieces were put into test tubes, 
frozen (—20°) and thawed twice. The enzyme was extracted 
from the gel with 3 ml. of distilled water, and the proteolytic 
activities of the extracts measured. The results showed that 
the enzymatic activity was present in the extracts from the zone 
corresponding to the dyed area (Fig. 3). 


Properties of Gastricsin and Comparison of It 
with Other Proteolytic Enzymes 


Optimal pH—The pH optimum curves were obtained by meas- 
uring the proteolytic activities at pH from 1.1 to 4.0. The di- 
gestion mixture contained 2 per cent hemoglobin in citrate-HCl 
buffer, 0.1 Mm. Optimal activity of human pepsin was observed 
at pH 2.0 (1), which corresponds to the well known optimal pH 


Fig. 2. Ultracentrifugation of crystalline gastriesin. 
strength O.1. 
at 4° 


The pictures from right to left were taken at 32, 80, and 160 minutes. 


The concentration of enzyme was 0.8 per cent in pH 5.0 acetate buffer, ionic 


The sedimentation was run at 59,780 r.p.m. and 
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Fic. 3. Zone electrophoresis of gastriesin. The lower part of 
the graph shows the zone electrophoretic pattern on starch gel. 
Gastriesin migrated 6.5 em. toward anode after 22 hours in pH 
5.0 acetate buffer of ionic strength O.1. The field strength was 
4.55 volts perem. The upper graph shows the location of activity 
in the starch gel. For method of staining and proteolytic deter- 
mination see text. 
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Fig. 4. Proteolytic activity of gastriesin as funetion of pH. 
The digestion mixture contained 2 per cent bovine hemoglobin in 
0.075 mM acetate-HCL buffer. The pH value of each tube was 
checked with a Beckman model G pH meter equipped with glass 
electrode. 


of hog pepsin. The pH curve for crystalline gastriesin showed 
activity from pH 1.1 to 3.5, with a well defined optimum at 
pH 3.0 (Pig. 4). A slight but consistent difference was found 
between the previously reported pH curve of gastricsin prepared 
by chromatography (1) and the one reported here. The differ- 
ence would appear to indicate that the preparations from the 
column were contaminated with small amounts of pepsin. 
Anomalous Electrophoretic Migration of Gastricsin on Paper— 
The Spinco Durrum type cell was used with pH 5.0 acetate buffer, 
(ionic strength = 0.1), prepared as described by Miller and 
Golder (8). The Spinco electrophoresis paper strips (part 300- 
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028 of Beckman Instruments, Spinco Division) were used. The 
experiments were run with eight 3-cm. strips at a constant field 
strength of 140 volts, during 24 hours, at 4°. The proteins 
were dissolved in the buffer and applied in quantities of 3 mg. per 
strip. After electrophoresis, the strips were dried, and the pro- 
teins were stained with bromophenol blue. Human pepsin was 
observed to migrate 9.0 em. toward the anode (Fig. 5). The 
crystalline hog pepsin migrated 9.7 em. Gastricsin not 
show significant migration from the origin. The electrophoresis 
of a mixture of pepsin and gastricsin resulted in the separation 
of the two enzymes, but when human pepsin was mixed with hog 
pepsin only one band was observed in the paper strip after elec- 
trophoresis. 

It should be pointed out that when the electrophoresis of 
gastricsin was performed on paper or on starch gel (see above) 
under otherwise similar conditions, the enzyme migrated on 
starch gel but remained at the origin on paper. Furthermore, 
neither protein nor gastricsin activity was recovered from. the 
spotted paper when it was eluted with distilled water or acetate 
buffer. Both observations were interpreted to mean that gas- 
tricsin is either denatured or strongly absorbed by paper. A 
similar observation was made by Kunkel and Slater (9) with 
lysozyme, 

Ultraviolet Absorption Spectrum—The ultraviolet absorption 
spectrum of gastricsin shows a maximum at 278 mu (# ro 
12.83) and a minimum at 247 my (Ei”.. = 4.56). The curve 
is typical of a simple protein and indicates that gastricsin has 
no ultraviolet-absorbing cofactor. 

Heat Tnactivation—Solutions of human gastricsin and pepsin 
at both pH 3.2 and 2.0 were prepared, so that the activities of 
both enzymes would not differ more than 10 per cent when meas- 
ured according to the method of Anson and Mirsky (3). One-ml. 
aliquots of each solution were incubated separately for 10° min- 


utes ina constant temperature water bath at 45°, 50°, 55°, 60°, 


GASTR | 


1 


HOG PEPSIN 


i’ 


HUMAN PEPSIN 


GASTRICSIN 
+ 
68024 
CM 


STARCH 


Fig. 5. Electrophoretic migration of gastricsin and hog and 
human pepsin on filter paper and starch gel. For experimental 
conditions see text. 
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65°, 70° and 75°, and the proteolytic activities of the same solu- 
tions were determined again. The results were calculated as 
percentage of inactivation (Fig. 6), with the activity of enzymes 
incubated at 45° taken as zero per cent inactivation. The en- 
zyme solutions incubated at 75° were 100 per cent. inactivated. 
It was found that the relative heat stabilities for both enzymes 
at different pH’s were the reverse of the relative activities at the 
same pH’s. For example, Fig. 6 shows that at pH 2.0 and 65°, 
gastricsin was 44.8 per cent inactivated, whereas pepsin was 69.0 
per cent inactivated. The results for relative stabilities of the 
two enzymes at pH 3.2 were reversed. After incubation at 65°, 
gastricsin was 22.3 per cent inactivated and pepsin was only 11.2 
per cent inactivated. These results have been interpreted to 
mean that at least part of the inactivations were due to autodi- 
gestion. 

Mitk-clotting and Proteolytic Activities—Solutions of crystalline 
hog pepsin (0.25 mg. per 100 ml.), crystalline rennin (0.245 mg. 
per 100 ml.), human pepsin (0.26 mg. per 100 ml.), and crystalline 
gastricsin (0.284 mg. per 100 ml.), were compared for milk-clotting 
and proteolytic activities. The determinations of milk-clotting 
activities were made in a system containing 10 ml. of a solution 
composed of 12 gm. of milk powder in 100 ml. of 0.01 mM CaCl, 
(4) to which was added 1 ml. of the enzyme solution. The 
milk-clotting activities of gastricsin and pepsin, when calculated 
as per cent of the activity of rennin, were: gastricsin, 43.3 per 
cent; hog pepsin, 65.6 per cent; and human pepsin, 44.6 per cent 
(Table II). On the other hand, gastricsin was found to have a 
higher proteolytic activity than pepsin and rennin when meas- 
ured with the method of Anson and Mirsky (3). Hog pepsin 
was found to have 66.6 per cent of the proteolytic activity of 
gastricsin, and human pepsin and rennin had 80.0 and 8.15 per 
cent, respectively. 

Activators and Inhibitors—Cysteine at the concentration of 


100 


N 
2 8 2 


PER CENT INACTIVATIO 


TEMPERATURE (°C) 


Fic. 6. Heat inactivation of human pepsin (I) and gastricsin 
(II) at pH 2.0 and 3.2. The enzyme solutions were incubated for 
10 minutes at the indicated temperature and the proteolytic ac- 
tivity measured. The losses of activity were expressed as per cent 
of inactivation relative to that of the solution incubated at 45°. 
For experimental method see text. 
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TABLE II 


Comparison of milk-clotting and proteolytic activities of 
rennin, pepsin and gastricsin 


| 
Relative 


| | Relati 
Concen- Clotting | milk-clot- P | proteo- 
trat yt ti 
Tr (PAL Cg 
| se. AO.D. 280 [PA] XC 
| | 100t X 1008 
2.45 248 100 0.081 8.15 
Gastricsin...........| 2.84 492 43.3 | 1.151 | 100 
Hog pepsin......... 2.50 370 65.6 | 0.675 66.6 
Human pepsin...... 2.60 511 44.6 | 0.843 80.0 


* Measured according to the method of Berridge (4). 

+ Method of Anson and Mirsky (3). 

t Cr is the concentration of rennin, Tr is the clotting time for 
rennin. C and T are the concentration and clotting times for 
the respective enzymes. 

§ [PA]g is the O.D. at 280 mu of the deproteinized solution from 
gastricsin assay, Cg is the concentration of gastricsin, and C and 
{[PA] are the concentration and the O.D. at 280 my from the de- 
proteinized solutions from the assays of the respective enzymes. 


1 X 10-* M slightly activates gastricsin. No substantial acti- 
vation or inactivation was obtained with any of the following 
salts tested at a concentration of 1 xX 10-* m: KCl, CuCl, KI, 
sodium citrate, CaCl. KCN, FeCl;, sodium acetate, NaF, 
MegS0O,, ZnSO,, SrBr2, MnSO, and Li.SO,. Ascorbic acid at the 
same concentration also failed to show an effect. 


DISCUSSION 


In al] probability gastricsin is the same enzyme which has been 
designated as cathepsin by Freudenberg, who inferred its exist- 
ence from the curve of proteolytic activity of gastric juice at 
different pH levels. The name, cathepsin, however, is usually 
applied to intracellular proteolytic enzymes (for references, see 
Smith (10)) with no other common characteristics. Cathepsin, 
then, is obviously an irrelevant name for this enzyme and this 
prompted us to use the term gastricsin (1) which is in agreement 
with the unsystematic names used for many digestive enzymes. 
We believe that by using this name the unnecessary confusion of 
implying experimentally unestablished chemical or physiological 
relationships between gastricsin and other enzymes will be 
avoided. 

It is probable that the claim for the existence of no other en- 
zyme has been a subject of such extended controversy as that 
of this cathepsin or gastricsin (for reference, see Buchs (11)). 
Only recently, Masch (12) denied its existence in spite of the 
clear-cut electrophoretic separation of the enzyme from pepsin 
obtained by Merten et al. (13) in 1952. We hope that the results 
presented in this paper will dispel any doubt of the presence in 
human gastric juice of a proteolytic enzyme, distinct from 
pepsin, with optimal pH at 3.0. 

We have considered the possibility that gastricsin could be 
identified with the milk-clotting enzyme, rennin, which is espe- 
cially active in the secretion of many young mammals. The 
results (see Table II) showed striking differences in the ratio of 
proteolytic to milk-clotting activities for crystalline gastricsin 
and rennin. Since gastricsin has a higher specific activity as a 
proteolytic enzyme and a lower specific activity as a milk-clot- 
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ting enzyme than rennin, the above mentioned possibility was 
discarded. 

Perlmann (14) has presented evidence that pepsin releases some 
peptides by autolysis and that the rest of the molecule retains 
most of the original activity. This suggested the possibility that 
gastricsin may be a product of decomposition of pepsin. No 
crucial evidence can be given at this time in favor of or against 
this hypothesis, but we believe the following facts to be against 
it. (a) The pH activity curves and the stability to heat of 
gastricsin and pepsin are different. (6) Gastricsin is a discrete 
component of the chromatographic pattern of gastric juice with 
no tailing or scattering to suggest that it is an aggregation of 
components of different molecular magnitudes. The suggestion 
that there may be several “gastricsins’” has not been substan- 
tiated by a survey for proteolytic activity in all of the different 
zones of the effluent from the chromatographic column (6). 

An interesting aspect is the calculation of the relative activ- 
ities of gastricsin and pepsin in the digestive process. By 
measuring the area occupied by both enzymes in somewhat more 
than 30 ion exchange resin chromatograms, it appeared that 
the ratio of pepsin to gastricsin in human gastric juice is fairly 
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constant at 4:1. However, when the calculation is made rela- 
tive to their proteolytic activities at the respective optimal pH’s 
of both enzymes, the ratio is usually between 2:1 and 3:1. 
Future studies will have to determine whether or not gastricsin 


and pepsin work independently at any stage of the digestive - 


process or whether they are synergistic. 


SUMMARY 


Gastricsin, the proteolytic enzyme of gastric juice with pH 
optimum of 3.0, has been isolated in crystalline form. Prepara- 
tions of the crystalline enzyme showed one component on ultra- 
centrifugation and on zone electrophoresis on starch gel. 

Crystalline gastricsin was found to differ from pepsin (both 
human and hog) in pH optimum, electrophoresis migration on 
paper, and heat inactivation. It has a lower milk-clotting 
activity than crystalline rennin. 

The physiological significance of gastricsin is discussed. 
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Isotopes have been used to study transaminases in several 
ways. Substrates labeled with N1° were used to confirm the fact 
that transfer occurs between amino acid and keto acid without 
the formation of ammonia (1, 2), and without any requirement 
for a specific amino acid such as glutamate (3, 4). Experiments 
in deuterated water show that the a-hydrogen of the amino acid 
is liberated as a hydrogen ion. This participation of a proton 
was shown to be associated not only with the formation of a new 
amino acid molecule, but also with the reversible interaction of 
an amino acid with the enzyme (5). With C™* (6) and C®- 
labeled (7) substrates, transamination could be shown to occur 
directly between an amino acid and its analogous keto acid. 
This kind of transamination system is in equilibrium, since the 
concentrations of neither the amino acid nor the keto acid vary. 

The following experiments show that transamination between 
labeled glutamate and unlabeled ketoglutarate, catalyzed by 
highly purified glutamic aspartic transaminase (8), is analogous 
to that which leads to the formation of a new amino acid (7.e. 
that between aspartate and ketoglutarate). In this investiga- 
tion, the use of substrate amounts of enzyme permits the spectro- 
scopic identification of active and inert enzyme complexes over a 


wide pH range. 


THEORY 


Since isotope effects can be ignored, the rate of transamination, 
V, remains constant. This rate may be determined from the 
first order reversible equilibration of isotope between radioactive 
amino acid and unlabeled keto acid. If the total concentration 
of glutamate is S, and that of ketoglutarate is S2, the concentra- 
tions of isotopic substrates at time ¢ are (S,*), and (S2*), respec- 


tively. Then: 
(Si*), 


Since both substrates have the same specific activity at infinite 
time 
(S:*),, (S2*), 
Si 


(2) 


and 


the total counts always present = (S,*); + (S2*), (3) 


* Present address, Department of Biochemistry, University of 
California, Berkeley, California. 


From Equations 1, 2, and 3: 


1 1 
of = —In[(Si*), — (S,*),] + a constant 


Since S, and S2 are known, V may be derived from the slope 

of a plot of In [(Si*), — (S:*)~] against time 
EXPERIMENTAL 
Materials 

The transaminase was prepared as previously described (8). 
Solutions of radioactive glutamate (Schwarz) and nonradioactive 
ketoglutarate (California Corporation) were neutralized just be- 
fore use. pH values were determined on aliquots from the re- 
action or equivalent mixtures with a Beckman model G pH 


meter. All buffers were potassium phosphate, ionic strength 
0.6, except that 0.1 m Tris! was used at pH 8.3. 


Methods 


The amount of enzyme was selected from the results of pilot 
experiments so that the reaction half-life was about 3 minutes: 
hence, the transamination could be considered finished after 60 
minutes. The reaction was initiated by adding enzyme to a 
solution 0.0067 mM with respect to both ketoglutarate and radio- 
active glutamate in a final volume of 2 nil. At 1-minute in- 
tervals, a 0.2-ml. aliquot was added to a 1 ml. suspension of 
Dowex 1-formate (packed volume 0.4 ml.) in 0.5 n formie acid. 
After removal of the resin containing the adsorbed ketoglutarate 
by centrifugation, the relative specific activity of the residual 
glutamate was measured by plating 0.2-ml. aliquots on planchets 
and counting the disintegrations in a gas flow thin window Geiger 
counter (Nuclear-Chicago). 

Experiments to evaluate the method indicated that the major 
error arose from the statistical fluctuations of counting. These 
were minimized by recording 20,000 counts with duplicate 
samples and statistically analyzing the gradients. Asa check on 
the accuracy of the velocity measurements, in all experiments 
the ratio of the final radioactivity determined experimentally to 
the initial radioactivity extrapolated from the graph of ‘the 
course of the reaction was shown to be 1.92 + 0.08. This is in 
satisfactory agreement with the expected value of 2 for equimolar 
initial concentrations of glutamate and ketoglutarate. Spectra 
were recorded with a spectrometer (Cary, model 11 M) equipped 
with microcells. 


1The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 
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RESULTS 


First order kinetics of the reaction between radioactive glu- 
tamate and ketoglutarate is shown in Fig. 1. The rate of ex- 
change calculated from the slope is 0.79 umole per ml. per minute. 
The assay method previously described (8) gave the initial rate 
of transamination in the equivalent system with aspartate in 
place of glutamate as 0.34 umole per ml. per minute. 

Fig. 2 shows representative spectra at different pH values of 
this same system but with high enzyme concentration. The 
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Fic. 1. Transamination between 0.0067 m 1-glutamate C!4 and 
0.0067 m ketoglutarate in 0.1 m Tris-HCl buffer, pH 8.3. Points 
are the averages of duplicate experiments. 
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Fig. 2. Spectral variation with pH in the transaminase system: 
0.0067 m glutamate, 0.0067 m ketoglutarate; pH 5.7 to 7.8, phos- 
phate buffers, ionic strength 0.6; pH 8.2 to 8.7, Tris-HCl buffers, 
0.1 
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Fig. 3. Correlation between the absorbancy at 430 my (to 
correct for dilution of the enzyme divide by 10,000) and the 
rate of transamination in the systems of Figs. 1 and 2. 
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Fia. 4. Variation with pH of the spectral peak at 362 my of con- 
centrated transaminase in the presence and absence of 0.1 M 
ketoglutarate. 0.1 ™M buffers were as follows: pH 4.5 to 5.8, acetate; 
pH 5.9 to 7.8, phosphate; pH 7.5 to 8.5, Tris-HCl; pH 9.0 to 10.5, 
carbonate. 


maxima at 330 my and 362 my are associated in part with the 
pyridoxamine and pyridoxal forms of the enzyme respectively 
(9). The absorption maximum at 430 my has been identified 
as due to both the protonated enzyme and its complex with 
ketoglutarate. It can be seen that, as the pH is raised, the peaks 


at 330 my and 362 my appear to increase at the expense of the — 
430 mu peak. A linear correlation exists between the decrease — 
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in absorbancy at 430 my and the increase in enzymatic activity 
with pH for the glutamate-ketoglutarate system (Fig. 3) which 
is comparable to that found for the aspartate-ketoglutarate 
system (8). From this study, it follows that complexes between 
transaminase and ketoglutarate, characterized by maximal ab- 
sorption at 430 muy, are catalytically inert. 

For comparison with Fig. 2, the displacement of the spectro- 
photometric titration curve at 362 my for the same enzyme con- 
centration but with 0.1 m ketoglutarate alone is shown in Fig. 4. 
From these curves as well as from a comparable study made at 
430 my, it is possible to deduce that the dissociation constant of 
ketoglutarate with the protonated enzyme is about 10-3? mM. At 
high ketoglutarate concentration (>0.005 m), the absorption at 
430 my, which was correlated in Fig. 3 with inactive enzyme, 
must be due in large part to the complex of protonated enzyme 
with ketoglutarate (Amax = 435 my) (8). 


DISCUSSION 


An analysis of the velocity of a reaction catalyzed by an en- 
zyme as a function of the reaction variables can yield only in- 
direct evidence for the participation of particular groups at the 
catalytic site. With glutamic aspartic transaminase, however, 
such conclusions may be verified directly since its active center, 
the prosthetic group vitamin Bg, is characterized by an absorp- 
tion spectrum which is modified by interactions of the enzyme 
with hydrogen ions, substrates, and inhibitors (9). 

Because of the ionization of the vitamin Bg phenolic group, 
the enzyme changes from yellow (pH 4.5) to colorless (pH 8.5) 
with a pK for the color change of about 6.2 (Fig. 4). The varia- 
tion of the activity with pH, however, indicated a higher pK 
for the active center, but this pK is unreliable since it depends 
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upon the concentration of ketoglutarate used in the assay (8). 
From a spectroscopic analysis of the inhibitory interaction of 
ketoglutarate with the enzyme, it is concluded that with 0.01 
M substrate, the inactive species of the enzyme on the acid side 
of the pH optimum is not the “‘protonated”’ enzyme, but rather a 
complex of the latter with ketoglutarate. These findings account 
for the observed effect of hydrogen ion concentration on the 
reaction velocity below the optimal pH, and demonstrate that 
this complex (Amax = 435 my) between the enzyme and keto- 
glutarate is not involved in the mechanism of transamination. 


SUMMARY 


Transamination catalyzed by pig heart glutamic aspartic 
transaminase has been studied by examination of the conversion 
of radioactive glutamate to ketoglutarate. The kinetics of this 
reaction and its variation with pH were shown to be comparable 
with the equivalent transamination from aspartate to keto- 
glutarate. 

_Transamination from glutamate to ketoglutarate occurs in a 
steady state system in which different forms of the enzyme may 
be identified spectroscopically. At low pH values, the major 
inactive species of the enzyme absorbs most strongly at 435 mu 
and is identified as the complex between ketoglutarate and the 
pyridoxine group of the transaminase. Under the customary 
assay conditions, the fact that this complex predominates ex- 
plains satisfactorily why the variation of activity with pH could 
not be correlated with the pK of the prosthetic group. 
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1-Methylhistidine Excretion by Vitamin E-deficient Rabbits* 


Fink, ALBertT D. AND RoBertT M. FINK 


From the Biophysics and Physiological Chemistry Departments, University of California, 
Los Angeles, and Veterans Administration Hospital, Long Beach, California 
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The creatinuria of rabbits maintained on the diet of Goettsch 
and Pappenheimer (1), which was first reported by Morgulis 
and Spencer (2), has been considered by most investigators to 
be the earliest detectable sign of nutritional muscular dystrophy. 
Increased urinary excretion of creatine usually is observed in 
vitamin E-deficient rabbits several days before the appearance 
of the physical signs of nutritional muscular dystrophy de- 
scribed by Mackenzie and McCollum (3) and can be reversed if 
the animals are placed on a complete diet (2) or a diet supple- 
mented with a-tocopherol (3). 

As an adjunct to studies in this laboratory dealing with met- 
abolic changes in tissues of vitamin E-deficient rabbits, urine 
specimens from many of these animals were analyzed routinely 
for creatinine, creatine, and amino acids. A major result of 
these urine studies to be reported here was the observation that 
after about a week on the vitamin E-deficient diet, and generally 
before the appearance of creatinuria, the rabbits began excreting 
easily detectable and progressively increasing levels of 1-methyl- 
histidine. This methylhistidinuria has been reported in pre- 
liminary papers (4, 5), and confirmed by McManus (6). 

Earlier data of Dinning et al. had shown an increased urinary 
amino acid nitrogen excretion in nutritional muscular dystrophy 
of the rabbit (7) and the monkey (8), but changes in individual 
amino acids were not determined. Several investigators have 
studied urinary amino acids in human patients with progressive 
muscular dystrophy. Thus, Ames and Risley (9) reported an 
aminoaciduria; Hurley and Williams (10) found increases in 
threonine, valine, leucine, arginine, and taurine in urines from 
dystrophic males; Blahd et al. (11) noted that dystrophic pa- 
tients and their close relatives showed an increased tendency to 
excrete detectable levels of various ninhydrin-sensitive substances 
including, in female subjects, methylhistidine. 


EXPERIMENTAL 


New Zealand white rabbits weighing 600 to 1000 gm., housed 
individually in stainless steel metabolism cages, were fed the 
synthetic diet deficient in vitamin EF described by Young and 
Dinning (12). Control litter mates on the deficient’ diet were 
given oral supplements of 10 mg. of a-tocopherol acetate per kg. 
of body weight three times weekly. The animals were weighed 
daily, and 24-hour urine samples were collected under toluene 
for routine photometric creatinine and creatine determinations 


* This investigation was supported in part by Cancer Research 
Funds of the University of California, by United States Public 
Health Service Grant C-1669, and by a grant from the Muscular 
Dystrophy Association of America, Inc. 


with use of the Folin micro modification described by Hawk 
Small samples of the daily urine collections were | 


et al. (13). 
stored at —20° for subsequent chromatographic studies. 
Chromatographic Techniques—For routine qualitative and 


semiquantitative studies of amino acid excretion by the rabbits, © 


two-dimensional chromatograms were prepared by methods de- 
scribed previously (14). An aliquot representing 0.2 per cent 
of a total 24-hour urine specimen was applied to the filter paper 


in successive 25 yl. portions, and the chromatogram was de- | 
veloped with phenol saturated with water used as the first solvent, 


and the upper phase from a mixture of tert-butyl alcohol, sec- 


butyl alcohol, and water (1:5:5.6) used as the second solvent. 


After reaction with ninhydrin, densitometric measurements of 
the colored spots were performed for estimation of the daily 
excretion of individual amino acids. Most of the ninhydrin- 


reacting material on these chromatograms could be accounted | 


for as alanine, glycine, glutamic acid, and glutamine; and, in 
the vitamin E-deficient rabbit urines, an additional spot was 
shown to be 1-methylhistidine. The identity of this additional 
compound in urines of vitamin E-deficient rabbits was deter- 
mined by its characteristic bluish green color reaction with 
ninhydrin, by comparison of Rr values of the compound with 


those of pure 1-methylhistidine in a variety of solvents, and by © 


cochromatography with known 1-methylhistidine. 
Examination of the two-dimensional chromatograms indi- 
cated that one-dimensional chromatography in phenol would 


move methylhistidine to an area relatively free from overlapping 


bands representing the common urinary amino acids; this would 


permit replicate analyses of urine together with amino acid — 


standards on the same chromatogram. The remainder of the — 
urinary amino acids could be almost entirely accounted for by— 
analysis of three bands containing glutamic acid, glycine, and 
alanine plus glutamine. Accordingly, various volumes of the | 
urine specimens (2 to 10 yul., based on estimates of amino acid 
levels from the two-dimensional chromatograms) were spotted | 
on sheets of filter paper, with spot sizes corresponding to those — 
of 5-ul. aliquots of standard amino acid solutions interspersed — 
among the urine samples. After an ascending development of | 
approximately 17 em. in phenol saturated with water, followed — 
by drying at room temperature for 24 hours, the chromatograms — 
were sprayed with ninhydrin and the intensity of the spots was 
measured densitometrically. Under the conditions of time and | 
temperature employed for color development, the ninhydrin 
color reaction for methylhistidine was, on a molar basis, only 
about one-fifth as sensitive as that for alanine and other common 
amino acids. The concentrations of the amino acids were es 
timated from curves obtained with the standards. 
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RESULTS 

Representative urinary amino acid chromatograms are shown 
in Fig. 1 for two rabbits maintained on the vitamin E-deficient 
diet for different lengths of time. Those in Fig. la were selected 
for a rabbit with no physical symptoms of muscular dystrophy 
when killed at 16 days and those in Fig. 1b, for a rabbit that 
developed clinical signs of dystrophy during the interval between 
the 24th and 30th days. There was often a pronounced transi- 
tory elevation of glutamic acid (see Fig. 1b), but the major 
change, clearly evident in these chromatograms, is the intensi- 
fication of the methylhistidine spot. In the first chromatogram 
shown for each of the two series methylhistidine is barely de- 
tectable, and the remaining chromatograms, representing pro- 
gressively longer periods on the deficient diet, illustrate the 
steady increase in the excretion of this amino acid, until it be- 
comes the dominant spot on the chromatogram even before 
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correction for the very low chromogenicity of methylhistidine 
in the ninhydrin reaction. A slight methylhistidinuria has some- 
times been detected as early as the 4th day after initiation of the 
tocopherol-deficient diet; but one rabbit included in our studies 
did not commence excretion of this amino acid until the 20th 
day, and another had developed no signs of vitamin E-deficiency 
when killed on the 22nd day. Most of the animals, however, 
began to excrete easily detectable amounts of methylhistidine 
after 9 to 16 days on the unsupplemented diet. 

Tallan et al. (15) reported species differences in urinary methyl- 
histidine, with the normal rabbit excreting low levels of the com- 
pound.: In our studies of many control urine samples from 22 
rabbits fed the basal diet supplemented with a-tocopherol, 
urinary methylhistidine in appreciable amounts was detected 
in only two rabbits, and in these irregularly. Of the 31 experi- 
mental animals which received no a-tocopherol supplements, 


x 
GLUTAMIC 
ME-HIST. 
GLycine 
ALANINE 
10 DAYS 


16 DAYS 


Fic. la. Chromatograms of urinary amino acids during a developing vitamin KE deficiency. Those in Fig. la were for a rabbit 


killed after 16 days, and those in Fig. 16 (below) for another killed after 35 days on the tocopherol-free diet. 


Urine (0.2 per cent of 


24-hour specimen) was applied at the position indicated by the cross at the upper right corner of the chromatogram and phenol 


was run from right to left, followed by a butyl alcohol mixture 
ylhistidine (Me-Hist.) was, on a molar basis, only one-fifth 


as the second solvent. 
as sensitive as that for the other amino acids specified on the figures. 


Here the ninhydrin color reaction for 1-meth- 
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Fra. 1b. See legend for Fig. la 
Tasse I on the other hand, methylhistidinuria developed in all but five. . 
Relationship of urinary methylhistidine excretion and “creatine-to- (These five were among those killed before the appearance of : 
creatinine” ratios in vitamin E-deficient rabbits creatinuria or physical signs of vitamin E-deficiency; four were 8 
ded only’ 4 to 11 days on the deficient diet but the fifth 
Dayson still appeared normal after 22 days). 

—E diet | Methylhistidine | Creatine: Methylhistidine Creatine: : In Table I, the ratios of creatine to creatinine excretion ‘ure 10 
isted for the two vitamin E-deficient rabbits whose urinary amino 
acid chromatograms are shown in Fig. 1. Included iulso is | 

| Negative rough classification of the intensity of the methvlhistidinuria, 12 
10 1+ Negative as estimated from two-dimensional chromatograms. In studies 
12 2+ Negative with serial urines from 20 rabbits on the vitamin I:-deficient diet, 13 
133 2+4 | 0.5 methyvlhistidinuria was observed before creatinuria in 85 per 
14 3+ 1.6 Negative Negiitive cent of the animals. Two rabbits (10 per cent) excreted de- Pou 
15 4+ 2.1 Trace Negative tectable methylhistidine and creatine simultaneously and one ~ 
16 a+ 1.8 1+ Negative animal showed detectable levels of urinary creatine 1 day before 
ping the appearance of methylhistidine. 
24 14 99 Dinning et al. have reported that dystrophic rabbits may 
20) 54 15 excrete as much as 13.5 mg. of amino acid nitrogen (equivalent 


to about 1000 wmoles of amino acids) per kg. of body weight 
* See Fig. la (killed at 16 days). per day, which is about 3 times the level found for the controls 
t See Fig. 1b (killed at 35 days). (7). Summation of our chromatographic analyses of the in- 
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dividual free amino acids in urine from dystrophic rabbits re- 
vealed a similar total, averaging about 700 uwmoles per kg. per 
day (range, 400 to 1000), of which methylhistidine represented 
about 500 wmoles or 75 per cent (range, 65 to 80 per cent). 


DISCUSSION 


1-Methylhistidine may apparently be formed either by direct 
methylation of histidine (6, 16) or by methylation of carnosine 
(B-alanylhistidine) (16, 17), followed by enzymatic hydrolysis 
of the resulting anserine (@-alanyl-l-methylhistidine) (6, 18). 
Conversely, several species, excluding the rat, can utilize 1- 
methylhistidine for synthesis of anserine (16, 19), and this di- 
peptide contains most, if not all, of the methylhistidine present 
in muscle (20). Accordingly it seems likely that the massive 
methylhistidinuria found in the present studies might either effect 
or reflect abnormalities in the metabolism of anserine or carno- 
sine, and these dipeptides, in turn, may have important roles 
to play in the proper functioning of the muscle (21-25). 

Vitamin E deprivation in animals does lead to a reduced an- 
serine content of the muscle (26, 27), but in our tissue studies 
(unpublished) the decrease did not appear to occur early enough 
in the developing deficiency or to be of sufficient magnitude to 
permit the large quantity of urinary methylhistidine to be con- 
sidered simply as a breakdown product of preformed anserine. 
Serum levels of methylhistidine were too low for accurate study 
by the methods employed, but such data as could be obtained 
tended to rule out a lowered renal threshold as a primary cause 
of the methylhistidinuria. More detailed metabolic studies will 
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be required in order to evaluate other possible causes of the 
methylhistidinuria, and adequate assessment of its biological 
significance in nutritional muscular dystrophy may require 
further elucidation of the metabolic role of anserine. 

Regardless of the causative mechanisms, however, the loss 
of large amounts of methylhistidine might by itself produce 
secondary effects such as a significant drain on the body’s 
reserve of the essential amino acid, histidine, and on the pre- 
cursors of the methyl group (19, 28, 29). This latter drain 
would be augmented by the increased loss of single-carbon units 
in urinary creatine and allantoin during vitamin E-deficiency 
(12, 30, 31). 


SUMMARY 


Urinary amino acids were analyzed chromatographically during 
a developing vitamin E-deficiency in rabbits. A transitory rise 
in glutamic acid excretion was often noted, but the most pro- 
nounced change involved 1-methylhistidine. This compound 
usually appeared in easily detectable levels about a week after 
the rabbits had been placed on the deficient diet, and its excre- 
tion increased progressively until it became the major amino 
acid in the urine. Methylhistidinuria could usually be detected 
a few days earlier than creatinuria and preceded by a week or 
two the appearance of physical symptoms of muscular dystrophy. 


Acknowledgments—The authors wish to thank Philip Anthony 
and Sharon Commeau for assistance in certain phases of this 
work, 
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Previous reports from this laboratory (1, 2) suggested a path- 
way of glutamate-2-C" catabolism in rats other than direct con- 
version to succinate via a-ketoglutarate. This pathway was not 
observed in rats poisoned with fluoroacetate (2). 

These conclusions were based on the observation (1, 2) that, 
after supposed intraperitonea] adminstration of p.L-glutamic 
acid-2-C™ to normal rats, a considerable percentage of the total 
radioactivity was found in the noncarboxy] portion of aspartic 
acid, alanine, and serine, and in carbon atoms 3 and 4 of glutamic 
acid. In contrast, rats poisoned with fluoroacetate synthesized 
aspartate, alanine, and serine essentially carboxyl-labeled and 
glutamate labeled in positions | and 2. 

All attempts to repeat the experiments (1, 2) involving “‘intra- 
peritoneal” administration of pi-glutamic acid-2-C™ to normal 
rats have been unsuccessful. Therefore, the possibility that 
the previous “intraperitoneal” injections (1, 2) had actually been 
injections into some part of the gastrointestinal tract was tested 
with results described herein. 


EXPERIMENTAL 


Male albino rats (of Wistar origin) from our own colony were 
used. pu-Glutamic acid-2-C™, obtained from Isotopes Special- 
ties Company (0.4 me. per mmole) or from Volk Radiochemical 
Company (0.7 mc. per mmole), was dissolved in 1 to 2 ml. of 0.9 
per cent sodium chloride and administered to rats by intraperi- 
toneal injection, by stomach tube, or by injection into the cecum. 
The animals which received the isotopic material by injection 
into the cecum were anesthetized with ether before the opening 
of the abdominal wall. After the abdominal wall had been 
closed, these rats were placed in a glass metabolism chamber, as 
were the other animals. 

The rats were killed 4 hours after the administration of pL- 
glutamic acid-2-C"', and the “carcass” and liver amino acids were 
isolated, degraded, and assayed for radioactivity by methods 
previously described (2, 3). ‘‘Carcass’’ refers to the entire an- 
imal, except liver, including the washed gastrointestinal tract. 


RESULTS AND DISCUSSION 


The results after intraperitoneal injections are presented in 
Table I, and the data obtained from the rats given pi-glutamic 
acid-2-C™ by stomach tube or by injection into the cecum are 
presented in Table II below. 


* Supported in part by a research grant (No. RG-4735) from the 
National Institutes of Health, United States Public Health Serv- 
ice. Presented in part at the 42nd annual meeting of the Federa- 
tion of American Societies for Experimental Biology at Phila- 
delphia, April, 1958. 

+ Inquiries regarding this article should be addressed to this 
author. 


Conversion of glutamic acid-2-C"4 to a-ketoglutarate and hence 
to succinate should yield aspartic acid labeled in the carboxy] 
carbons and glutamic acid labeled in carbon atoms 1 and 2. The 
data in Table I show that most of the glutamate metabolized af- 
ter intraperitoneal injection was converted to succinate via a- 
ketoglutarate. Variations in animal size or nutritional state or 
in the dosage of glutamate (Table I) did not affect the results. 
Thus, we have been unable to confirm our previous observations 
(1, 2) that a significant portion of the total radioactivity was 
present in the noncarboxyl carbons of aspartic acid and in car- 
bon atoms 3 and 4 of glutamic acid. The data presented in Ta- 
ble I are actually in close agreement with those previously ob- 
tained after “intraperitoneal” administration of pt-glutamic 
acid-2-C™ to rats poisoned with fluoroacetate (2). Therefore, 
our previous claim (2) that fluoroacetate poisoning drastically 
alters glutamate metabolism is not valid. 

In contrast to the data presented in Table I, the results ob- 
tained from the injections into the cecum (Rats 54 and 62, Table 
II) duplicate those previously reported (1, 2) for ‘‘intraperi- 
toneal’’ injections. Therefore, it appears that the “intraperi- 
toneal”’ injections (1, 2) were actually intragastrointestinal. The 
labeling patterns observed in Rats 54 and 62 are almost identical 
to those observed after intraperitoneal injection of acetate-2-C" 
(3). Thus, it must be concluded that in the cecum or during ab- 
sorption from the cecum, carbon 2 of glutamate is converted to 
the methyl carbon of acetate. Whatever the mechanism, this 
conversion occurs rapidly and almost quantitatively; little or no 
glutamate is converted directly to a-ketoglutarate. The very 
slight preponderance of carbon 2 of isolated glutamate over car- 
bon 3 supports this concept. 

The data presented do not suggest a mechanism for acetate 
formation from glutamate. Wachsman and Barker (4) and 
Munch-Petersen and Barker (5) have reported that Clostridium 
tetanomorphum converts carbon 2 of glutamate to the methyl 
carbon of acetate, with mesaconate and citramalate as intermedi- 
ates. A similar sequence of metabolism in cecum bacteria would 
explain our results. However, reductive deamination of gluta- 
mate-2-C™ to glutarate-2,4-C™ via the Stickland reaction (6) 
with subsequent formation of acetate-2-C™ is another feasible 
mechanism. Work in this laboratory (7) has shown that carbon 
atom 3 of glutarate is metabolized via the carboxyl carbon of 
acetate. Although the mechanism is unknown, carbons 2 and 4 
of glutarate could be precursors of the methyl] of acetate. 

The results found after feeding pL-glutamic acid-2-C" by stom- 
ach tube (Rats 49 and 52, Table II) are intermediate between 
the data from the intraperitoneally-injected and from the cecum- 
injected animals. Apparently a portion of the glutamate fed 
was absorbed and metabolized via a-ketoglutarate and succinate, 
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TABLE I 
Labeling patterns in carcass glutamic and aspartic acids 
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TABLE II 


Labeling in carcass amino acids after administration of pt-glutamic 


after administration of pt-glutamic acid-2-C™ by 
intraperitoneal injection 


acid-2-C'* by stomach tube and cecum injection 


Rat 25* | Rat 26f Rat 27} Rat 39§ Rat 414 
Rat weight (gm.).| 151 240 136 125 125 
Dose injected (ue.)| 25.1 26.8 25.0 51.3 44.5 
Per cent injected, 
exhaled as 
CHO, 26.3 32.3 30.8 25.7 
C'4 in carcass amino acids 
per per per per per 
myc/ cent | muc/| cent | myc/| cent | mpc/| cent myc/' cent 
mM of to-| mm of to-| mm of to- mm | of | mm | of 
tal tal tal total total 
Glutamic acid 
30.2 26.6 56.3 76.3 56.1 
Carbon 1, 

COOH 19.8 20.2 37.2 20.2 17.5 
Carbon 2, 

CHNH2...... 77.8 66.0 77.6 74.7 78.4 
Carbon 3, CH: 1.7 0.8 1.5 1.0 0.9 
Carbon 4, CH 1.0 0.2 0.9 0.3 0.2 
Carbon 5, 

COOH........ 0.7 1.6 | 0.6 1.5 | 0.3 

Aspartic acid | 
10.8 9.0 17.3 26.9 18.0 
Carbon 1 + 4, | 

COOH........ 95.3 94.0 89.6 95.5 94. 1 


* Rat 25 was given | gm. of glucose by stomach tube 30 minutes 
before injection of pi-glutamic acid-2-C". 

+t Rat 26 weighed about twice as much (240 gm.) as did the other 
animals. 

t Rat 27 was an exact duplicate of previous (1, 2) normal rats. 

§ Rat 39 was given 12 mg. of carrier glutamic acid with about 
12 mg. of the labeled compound. 

© Rat 41 was fasted for 44 hours before the administration of 
DL-glutamie acid-2-C', 


and a significant amount was metabolized in a manner whereby 
carbon 2 was converted to the methyl carbon of acetate. 

Glutamic and aspartic acids were isolated from the liver pro- 
tein of Rats 39, 54, and 62. The labeling patterns in these 
amino acids were in every case similar to those observed in the 
corresponding carcass amino acids. 


SUMMARY 


The labeling patterns of tissue glutamic acid, aspartic acid, 
and alanine have been determined after administration of pDL- 


Rat 49* Rat 52* Rat 54f Rat 62f 
Rat weight (gm.).......) 135 — 110 145 136 
Dose injected, (uc.)...... | 37.8 42.3 33.0 
Per cent injected, exhaled | 
| 32.0 18.7 28.5 
C'4 in carcass amino acids 
per per per per 
myc/| cent | mpuc/| cent | muc/| cent |mpc/ | cent 
mM | of mM | of | mm | of | mm of 
| total total total total 
Glutamie acid | 
Carbon 1, COOH...... 16.4 19.7 9.9 10.9 
Carbon 2, CHNH2..... 60.4 55.9 23.1 27.5 
Carbon 3, CHe......... ee 4.7 21.8 19.6 
Carbon 4, CH2......... 12.1 9.6) 38.7 33.9 
Carbon 5, COOH...... 3.3 1.0 3.6 2.0 
Aspartic acid | 
Carbon 1 + 4 COOH. | 73.0 82.4 31.4 35.0 
Alanine | | 
| | 11.3 11.2 14.4 
Carbon 1, COOH...... ! | | 88.5 17.9 22.4 
Carbon 2, CHNH2..... | | | 5.3 40.5 36.8 
Carbon 3, CHs3........ | | | 4.4 40.7 31.3 


* pt-Glutamie acid-2-C' given by stomach tube. 
t pL-Glutamie acid-2-C™ injected into the cecum. 


glutamic acid-2-C™ to rats by intraperitoneal injection, by stom- 
ach tube, and by injection into the cecum. Conversion to suc- 
cinate via a-ketoglutarate was the primary route of catabolism 
when glutamate was injected intraperitoneally. When glutamic 
acid was injected into the cecum, carbon atom 2 was converted 
tothe methyl carbon of acetate. Glutamic acid administered by 
stomach tube was partially converted to succinate via a-keto- 
glutarate and was partially metabolized in a manner whereby 
carbon 2 was converted to the methyl carbon of acetate. 
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The oxidation of 3-hydroxyanthranilic acid, an intermediate 
in the conversion of tryptophan to niacin (1-3), is catalyzed by 
a liver oxidase (4). The first recognized product, termed Com- 
pound I (5), yields quinolinic acid spontaneously or picolinic 
acid under the influence of a liver carboxylase (6). The inter- 
mediate is detectable by its absorption maximum at 360 muy (4). 
Wiss and Bettendorf (7) have identified the compound as 
l-amino-4-formy]-1 ,3-butadiene-1 ,2-dicarboxylic acid on the 
basis of infrared and ultraviolet spectra of several derivatives. 
Other studies in this laboratory (8) are directed towards ob- 
taining further information concerning the structure of Com- 
pound I. 

In the kinetic studies to be reported the rate of appearance of 
Compound I has been used as a measure of oxidase activity. 
Activation of dialyzed, aged enzyme extracts by ferrous iron and 
reduced glutathione has been observed and inhibition by sulfhy- 
dryl reagents has been studied. 


EXPERIMENTAL 


Materials—3-Hydroxyanthranilic acid, GSH, cysteine, and as- 
corbic acid were obtained as chemically pure compounds from 
Technical grade y-collidine and Tris! were 
Inorganic salts of reagent 


commercial sources. 
used in preparing buffer solutions. 
grade were used. 

Acetone powders were routinely prepared from fresh beef liver 
according to the method of Long et al. (5). Extracts were pre- 
pared by intermittent agitation of the powder for 30 minutes at 
0° with 9 volumes of Krebs-Ringer phosphate buffer at pH 7.4. 
Insoluble material was removed by centrifugation at 14,000 x g 
for 15 minutes at 3-5°. The supernatant solution was dialyzed 
against 2 changes of glass-distilled water for 10 to 12 hours and 
diluted 100-fold with water to obtain the preparation referred to 
as ““enzyme.”’ 

Enzyme Assay—The assay system contained 0.1 umole of 3-hy- 
droxyanthranilic acid, 0.3 umole of ferrous sulfate, 3.0 umole of 
GSH, 100 umole of y-collidine, and 0.5 ml. of enzyme in a final 
volume of 3.0 ml. at pH 7.2. Beckman cuvettes with a 1.0-cm. 
light path were used for incubations carried out at 20-24° in the 
Beckman model DU Spectrophotometer. Initial rates were cal- 
culated by averaging changes in optical density at 360 my per 


* Material in this paper was taken from a thesis submitted by 
C. O. Stevens to the Graduate College of the University of IIli- 
nois in partial fulfillment of requirements for the degree of Doctor 
of Philosophy in Biochemistry. This research was supported in 
part by a grant-in-aid (A-801) from the United States Public 
Health Service. 

+t Present address, Research and Development Unit, Fitzsimons 
Army Hospital, Denver, Colorado. 

1The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 


30 seconds over the first 2 minutes of incubation. <A unit of en- 
zyme activity is that amount which gives an initial rate such 
that the increase in optical density at 360 my is 0.01 per minute 
in 3.0 ml. of an incubation mixture containing 0.1 umole of sub- 
strate. 


RESULTS AND DISCUSSION 


Rate Studies—The rate of Compound I formation was found 
to be a linear function of enzyme concentration up to 2.0 ml. of 
diluted extract. Scanning the spectrum from 280 to 450 my 
every 2 minutes did not reveal absorption at any wave length 
other than that at 360 my caused by the formation of Com- 
pound I. 

Maximal oxidase activity was observed in the pH range 6.0 
to 8.0 with y-collidine as the buffering agent (Fig. 1). When 
Tris replaced y-collidine, a slight shift in the pH optimum to- 
ward the acid side occurred. Though results are not shown, it 
has been observed that activity in 0.033 m phosphate at pH 7.2 
is depressed 80 per cent from the level observed at pH 7.2 in 
0.033 m Tris or 0.033 m y-collidine. 

It is interesting to note (Fig. 2) a depression in activity at the 
higher levels of substrate tested. Long et al. (5) have reported 
that high concentrations of substrate are not attacked as rapidly 
as lower concentrations even with rapid stirring to prevent oxy- 
gen from becoming limiting. Substrate inhibition would account 
for these results. A A,, value of 2.6 * 10-5 mM was calculated 
from the X intercept of the 1/V versus 1/S plot. 

Activators—The dependence of 3-hydroxyanthranilic acid oxi- 
dase activity on ferrous iron has already been reported (5). In 
these studies it has been observed that the maximal activation 
which can be achieved by the addition of ferrous sulfate to di- 
alyzed, aged enzyme occurs at 5 & 10-°M ferrous sulfate. How- 
ever, the data in Table I indicate that a combination of ferrous 
sulfate and GSH is more effective than 10-4 m ferrous sulfate. 
Preincubation of the enzyme at 0° with both of these activators 
resulted in a further 3-fold increase in activity. Cysteine was 
not as effective as GSH, whereas ascorbate or oxidized gluta- 
thione was totally ineffective. Cobaltous, nickelous, zinc, man- 
ganous, cupric, or ferric salts were found to be ineffective in re- 
placing ferrous iron. Similar results have been observed with 
crude dialyzed preparations of other “phenolytic oxygenases” 
(10), namely homogentisic acid oxidase (11) and pyrocatechase 
(12). 

In other studies it was observed that activation with Fe** 
and GSH was more rapid at pH 3.2 or 3.3 than at pH 3.7, 4.1, 
or 5.4. Protein concentrations above 0.2 mg. per ml. decreased 
the activation rate at pH 3.2 to 3.4. At low protein concentra- 
tions and pH 3.2, decreasing the GSH concentration to 10-5 ™ 
had no significant effect on the activation rate. 
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Fig. 1. Effect of pH on the 3-hydroxyanthranilie acid oxidase 
activity of beef liver acetone powder. 
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Fig. 2. Effect of substrate concentration on 3-hydroxyanthra- 
nilie acid oxidase activity of beef liver acetone powder. 


One interpretation of the results presented here is that GSH 
stimulates activity in dialyzed, aged preparations by reducing 
some essential portion of the enzyme. Pyrocatechase has been 
purified and shown to contain two tightly bound iron atoms 
per molecule of enzyme (13). The essential portion of the oxi- 
dase affected by glutathione could be similarly bound iron or 
sulfhydryl groups. 

Inhibitors—The enzyme system is very sensitive to p-chloro- 
mercuribenzoate; activity is almost completely depressed when 
this inhibitor is present at 10-5 m. Mercuric chloride was less 
effective as an inhibitor, causing about a 60 per cent depression 
in activity at 10-4 m. Inhibition by either of these compounds 
was almost completely reversed or prevented by 10-3 m GSH. 
lodosobenzoate, at 10-4 M, inhibited activity and the inhibition 
was not prevented by 10-3 Mm GSH in these experiments. lodo- 
acetate or sodium cyanide did not significantly affect activity 
when tested at 10-3 m. 

Purification—Long et al. (5) reported that, during a sequence 
of protein fractionation procedures, oxidase activity was lost 
and could not be recovered by the addition of a boiled liver ex- 
tract or recombination of the fractions. Mehler (6) reported 
the oxidase to be unstable to conventional protein fractionation 
treatments. The difficulties encountered by these workers may 
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TABLE I 
Fe**-GSH activation of 3-hydrozryanthranilic acid oxidase 


Oxidase activity (units 
per mg. acetone 
Additions preincubated powder extracted) 
Additions to assay system | with at pH 
Fresh Aged 
enzyme enzyme* 
None None 3.8 0.8 
10-4 m FeSO, None 2.4 3.8 
10-? m GSH None 3.1 2.4 
10-4 m FeSO, ‘ 
10-3 GSH None 3.6 5.6 
10-3 GSH 10-4 m FeSO, 6.0 
10-* m FeSO, 10-* wm GSH 9.8 §.1 
None 10-4 FeSO,+ 
10-3 « GSH 16.1 17.0 
Nonet 10-4 m FeSO,+ 114 
10-3 m GSH 
Nonet 10-4 m FeSO,+ 6.1 
10-3 m Cysteine 
10-* wm FeSO,+ 
10-3 m Cysteine 


* Aged 10 days at —10°. 
+ Preincubated for 12 hours. 


have been due, at least in part, to oxidase inactivation which 
could have been reversed by preincubation with GSH and fer- 
rous sulfate. 

Several purification procedures were developed with the ac- 
tivation with ferrous sulfate and GSH before the fractions were 
assayed. <A 2-fold increase in specific activity, with almost com- 
plete recovery of enzyme, was obtained when a beef liver ace- 
tone powder extract containing 10-4 m ferrous sulfate, 10-* mM 
cysteine and 10-4 m 3-hydroxyanthranilic acid was heated for 5 
minutes at 51° and inactive proteins removed by centrifugation. 
Of the activity in heat-treated extracts, 60 per cent was precipi- 
tated between 40 and 63 per cent saturation with ammonium 
sulfate at pH 5.5 but no increase in specific activity occurred. 
However, the addition of 0.15 ml. of 1 per cent lead subacetate 
suspension to 5.0 ml. of heat-treated extract precipitated more 
inert proteins to give a further 2-fold increase in specific activity 
with 90 per cent retention of activity. The over-all effect of 
heat and lead subacetate treatments was a 4-fold purification 
with 86 to 90 per cent recovery of enzyme. Further attempts 
to purify the enzyme are being made. 


SUMMARY 


Hepatic 3-hydroxyanthranilic acid oxidase has been studied 
kinetically. Both ferrous sulfate and reduced glutathione were 
found to be required for maximal activity in dialyzed, aged en- 
zyme preparations. Inhibition studies have indicated that sulf- 
hydry!] groups of the enzyme are important for its activity. Re- 
duced glutathione may function by reducing one or several of 
these sulfhydryl groups. 

The combined use of heat and lead subacetate treatments re- 
sulted in a 4-fold purification with 86 to 90 per cent recovery of 
the enzyme. 


Acknowledgments—The authors wish to thank Mrs. Lorna 
Johnson and Mrs. Lorna West for technical assistance. 
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After the ingestion of L-tryptophan, riboflavin-deficient rats 
excrete abnormally large amounts of kynurenic acid (1). This 
observation led to the suggestion (1) that the conversion of L- 
kynurenine to xanthurenic acid is decreased during a riboflavin 
deficiency. Consistent with this hypothesis is the observed in- 
creased excretion of anthranilic acid and its derivatives in re- 
sponse to tryptophan in deficient rats (2, 3). It was observed 
that riboflavin-deficient animals excrete less niacin metabolites 
(4) and quinolinic acid (5, 6) in response to L-tryptophan. L- 
Kynurenine (6) conversion to these metabolites was also im- 
paired, but little change in response to 3-hydroxy-DL-kynurenine 
or 3-hydroxyanthranilic acid was noted as a result of riboflavin 
deficiency (5, 6). Urinary xanthurenic acid levels of riboflavin- 
deficient rats are as much as 14-fold higher than those of inani- 
tion control animals (2, 6) when L-tryptophan is given. It has 
been found (6) that, in riboflavin-deficient animals, about the 
same amounts of xanthurenic and quinolinic acids are excreted 
whether L-tryptophan or L-kynurenine is given and the excretion 
pattern in both cases approximates that of control animals given 
t-kynurenine. These results could be interpreted as indicating 
an accumulation of t-kynurenine when L-tryptophan is given to 
riboflavin-deficient rats. 

With the discovery (7, 8) of a mitochondrial enzyme system 
capable of hydroxylating t-kynurenine to 3-hydroxy-L-kynure- 
nine it was possible to extend the studies in vivo cited above to 
an examination of the role of riboflavin in the hepatic mitochon- 
drial hydroxylation system. A method for enzyme solubiliza- 
tion is also reported here. 


EXPERIMENTAL 


Rations and Animals—The basal diet had the following com- 
position: casein (Labco), 18 gm.; Salts IV, 4 gm.; L-cystine, 0.2 
gm.; corn oil, 5 gm.; thiamine hydrochloride, 0.4 mg.; riboflavin, 
0.6 mg.; pyridoxine hydrochloride, 0.5 mg.; calcium pL-panto- 
thenate, 4 mg.; choline chloride, 200 mg.; inositol, 20 mg.; d-bio- 
tin, 0.02 mg.; pteroylglutamic acid, 0.04 mg.; and sucrose to make 
100 gm. Each rat received two drops of fortified halibut liver 
oil every week to provide an approximate daily intake of 200 
L.U. of vitamin A, 30 I.U. of vitamin D, 0.05 mg. of menadione, 
and 0.15 mg. of a-tocopherol. 

Weanling rats of the Holtzman strain, weighing 45 to 60 gm., 


* Material in this paper was taken from a thesis submitted by 
C. O. Stevens to the Graduate College of the University of IIli- 
nois in partial fulfillment of requirements for the degree of Doctor 
of Philosophy in Biochemistry. This research was supported in 
part by a grant-in-aid (G-4547) from the National Science Founda- 
tion. 

t Present address, Research and Development Unit, Fitzsimons 
Army Hospital, Denver, Colorado. 
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were distributed between two groups. One group received the 
basal diet deficient only in riboflavin while the other group, ina- 
nition control, received daily the complete ration in amounts 
equal to those consumed by the riboflavin-deficient group. Ces- 
sation of growth, which was the primary criterion of the severity 
of the deficiency, usually occurred after 4 to 5 weeks. 

Material for Enzyme Assay—t-Kynurenine sulfate was pre- 
pared enzymatically (9). 3-Hydroxy-L-kynurenine was a gift 
of Dr. R. R. Brown. 3-Hydroxy-pi-kynurenine was prepared 
by Dr. R. E. Koski (6). Digitonin, nicotinamide, and glucose 
6-phosphate were obtained from the California Foundation for 
Biochemical Research. Practical grade Tris! was obtained from 
the Matheson Company, Inc. 

TPNH, 95 to 100 per cent pure, FAD, 90 per cent pure, and 
riboflavin phosphate, free from contamination, were obtained 
from the Sigma Chemical Company. Glucose 6-phosphate de- 
hydrogenase was purified 4-fold from dried brewers’ yeast, a gift 
of the Anheuser-Busch Brewing Company, according to the 
method of Kornberg and Horecker (10) through the first am- 
monium sulfate step. This preparation was used to generate 
TPNH. 

Preparation and Disruption of Mitochondria—Livers, removed 
immediately from decapitated rats and chilled in ice-cold 0.25 m 
sucrose, were used for the isolation of mitochondria according to 
the method of Schneider (11) modified to the extent that the 
mitochondrial pellet was obtained by centrifugation at higher 
speed (18,000 x g). The pellet was washed twice by suspending 
in 0.25 m sucrose. The washed mitochondria were suspended in 
a volume of 0.25 m sucrose equivalent to one-half the original 
weight of fresh liver. 

To solubilize the kynurenine hydroxylase, equal volumes of 2 
per cent sodium cholate or 1 per cent digitonin and the mito- 
chondrial suspension were blended thoroughly. The mixture 
was stirred frequently at 0° for 90 minutes. After the addition 
of another volume of 0.25 m sucrose, the mixture was centrifuged 
15 to 20 minutes at 29,000 «K g at —5°. The supernatant frac- 
tion or extract was subjected to centrifugal forces of 105,000 x 
g for 90 minutes or 144,000 x g for 60 minutes.? 

Assay of Enzymatic Activity—Components of the standard as- 
say system were: 1 umole of L-kynurenine sulfate, 0.2 to 0.5 
umole of TPNH, 60 umoles of nicotinamide, 30 umoles of potas- 
sium cyanide, 30 umoles of potassium chloride, 5 umoles of cys- 
teine, 150 uwmoles of Tris, an aliquot of an enzyme preparation, 
and water to a volume of 3.0 ml. at pH 8.3. After the addition 
of TPNH the mixture was incubated at room temperature at 


1The abbreviation used is: Tris, tris(hydroxymethyl)amino- 


methane. 
2 We are indebted to Dr. R. Caputto of the Oklahoma Medical 


Research Foundation for the use of a centrifuge. 
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TABLE I 


Solubilization of hepatic mitochondrial kynurenine hydroxylase with 
1 per cent digitonin or 2 per cent sodium cholate 


Treatment Fraction* Recoveryt 
% 

Mitochondrial suspension 100 0.051 
2 per cent so- 
cho- 

29,000 X g extract 235 0.305 

29,000 & g residue 21 0.045 

144,000 X g supernatant 224 0.253 

29 000-144 ,000 X g residue 26 0.070 
1 per cent di- 

gitonin...... 29,000 X g extract 272 0.634 

29,000 X g residue 109 0.104 

144,000 X g supernatant 149 0.579 

29,000-144,000 XK g residue 130 0.700 


* Fractions were stored at —10° until assayed. 

+ Per cent recovery in fractions is based on the activity in an 
equivalent volume of original mitochondrial suspension. 

tumoles of 3-hydroxykynurenine formed per hour per mg. of 
protein in the standard assay system containing 0.4 pmole TPNH 
and 0.2 ml. of a fraction. Duplicate incubations were performed 
at 36°. 3-Hydroxykynurenine was determined by the nitrous acid 
colorimetric method. 
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21-24°, or at 36° in a Dubnoff metabolic shaker. When a large 
number of samples were to be assayed, it was found convenient 
to determine 3-hydroxykynurenine spectrophotometrically with 
the nitrous acid method (12). The rate of 3-hydroxykynurenine 
formation at room temperature or 36° was constant over the ini- 
tial 30 minutes of incubation. Employing tivo-dimensional chro- 
matography with butanol, acetic acid, and water and then with 
the use of 20 per cent potassium chloride as solvent systems it 
was possible to detect (13) L-kynurenine and 3-hydroxykynure- 
nine but not 3-hydroxyanthranilic acid, anthranilic acid, xan- 
thurenic acid, or kynurenic acid. 

The course of the reaction was also determined in some exper- 
iments by measuring the decrease in optical density at 340 my 
or the increase at 400 my in a 15-minute period. Making the 
corrections described by Saito et al. (8), it was possible to caleu- 
late the rates of TPNH oxidation and 3-hydroxykynurenine for- 
mation from these data. In all cases TPNH oxidation rates 
corresponded closely with 3-hydroxykynurenine formation rates. 

Protein concentrations were determined spectrophotometri- 
cally according to the method of Warburg and Christian (14) 
after dialysis of samples. 


RESULTS 


Comparison of Solubilizing Methods—Saito et al. (8) have re- 
ported solubilization of kynurenine hydroxylase by sonication of 
rat liver mitochondria. These workers also stated that digitonin 
or sodium cholate was effective in extracting the enzyme from 
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Fig. 1. Dependence of hydroxylation rate upon enzyme concentration. 
3-Hydroxykynurenine was measured directly by observing the increase in optical den- 


was incubated 10 (O) or 20 (@) minutes at 21°. 
sity at 400 mu. 


The standard assay system containing 0.4 wmole of TPNH, 
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mitochondria, but gave no details of their method or the extent 
of solubilization accomplished. Consequently, it was necessary 
to examine these treatments before adopting one or the other for 
routine use. Fractions obtained by differential centrifugation 
of digitonin- or sodium cholate-treated mitochondrial suspensions 
were assayed for enzymatic activity and protein content to ob- 
tain the results summarized in Table I. 

With digitonin and sodium cholate treatments the total recov- 
ery of enzyme in the 29,000 X g residue and 29,000 X g extract 
was 381 and 256 per cent, respectively. This 2- to 3-fold in- 
crease in activity was observed consistently upon treatment of 
mitochondrial suspensions with digitonin or sodium cholate. A 
130 per cent recovery, with an apparent 14-fold increase in spe- 
cific activity, was observed in a particulate submitochondrial 
fraction, the 29,000 to 144,000 x g residue of digitonin-treated 
mitochondria. Such a result indicates that the kynurenine hy- 
droxylase system is bound rather tightly to the mitochondrial 
structure and that its release involves more drastic structural 
alterations than simply rupture of a membrane. A recovery of 
224 per cent of enzymatic activity was obtained in a soluble pro- 
tein fraction, the 144,000 x g supernatant from mitochondria 
treated with sodium cholate. Consequently, the sodium cholate 
method was adopted for routine use. 

Rate Studies—For these experiments a 29,000 x g sodium 
cholate extract of mitochondria was prepared. After storage at 
—10° for 12 hours this extract was centrifuged 90 minutes at 
105,000 < g and the supernatant dialyzed for 16 hours against 
two changes of distilled water to obtain a ‘“‘cholate-solubilized 
enzyme.” 

To obtain the results presented in Fig. 1, initial reaction rates 
were determined with five levels of enzyme and incubation pe- 
riods of 10 minutes and 20 minutes. Initial TPNH oxidation 
rates are not shown since they corresponded closely with 3-hy- 
droxvykynurenine formation rates at all five levels of enzyme. 
Rates were a linear function of enzyme concentration up to 0.5 
mi. of cholate-solubilized enzyme in 3.0 ml. 

In other studies it was observed that the initial reaction rate 
is limited by TPNH concentrations below 0.2 umole in 3.0 ml. 
Omission of potassium cyanide or potassium chloride lowered ini- 
tial reaction rates. The omission of both of these components 
from the assay system decreased initial rates about 50 per cent 
over a range of TPNH concentrations from 0.1 to 0.6 umole per 
3.0 ml. Saito et al. (8) have reported a similar anion effect of 
larger magnitude. 

Attempts to Purify and Resolve Kynurenine Hydroxylase—Am- 
monium sulfate fractionation of 29,000 X g extracts from mito- 
chondrial suspensions treated with 1 or 2 per cent digitonin re- 
sulted in little purification even though increments of 10 per 
cent saturation were used from 30 to 80 per cent saturation at 
pH 4.92 to 5.25. Ammonium sulfate treatment of 29,000 x g 
sodium cholate extracts afforded some purification. A 3-fold in- 
crease in specific activity was obtained in the protein fraction 
remaining in solution at 50 per cent ammonium sulfate satura- 
tion but only 26 per cent of the activity was retained in this 
fraction. 

Attempts were made to remove possible flavin coenzymes from 
the apoenzyme by rapid precipitation of protein in 2 per cent 
digitonin or 2 per cent cholate extracts by adding ammonium 
sulfate to 60 per cent saturation at pH 3.50. After dialysis, 
neither residue nor supernatant was active. Addition of ribo- 
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TaBLeE II 
Hepatic kynurenine hydrozylase activity during riboflavin deficiency 
IMitochon- Hydroxylase activity 
Liver | drial 
Group weight protein | 
ing Additions* “ime | Relative activity 
gm. meg. min. | 

33—Inani- | 4.12 | 50.5 | 80 yg. | 20 (0.0341 + 0.00628 
tion con- | +0.012§ +2.23§ FMN) 40 0.0237 + 0.0023 
trol, 10 80 wg. | 20 0.0313 + 0.0038 
rats,{ re- FAD | 40 0.0278 + 0.0019 
stricted water 20 0.0297 + 0.0030 
food in- 40 (0.0239 + 0.0023 

take. | | 

34—Ribofla- | 3.83 62.2 | SO wg. 20 0.0078 + 0.0020 
vin-defi- +0.208 +2.24- FMN 40 0.0063 + 0.0013 
cient, 11 SO wg. | 20 0.0105 + 0.0016 
rats{ FAD | 40 0.0092 + 0.0013 
| water 20 0.0096 + 0.0013] 
| | 40 0.0088 + 0.0012 


* Additions to 2.0 ml. of 2 per cent cholate disrupted mito- 
chondria during 60 minutes preincubation at 0°. 

t uMoles of 3-hydroxykynurenine formed per hour per mg. of 
protein in the standard assay system containing 0.5 umole of 
TPNH and 0.6 ml. of preincubated disrupted mitochondria from 
individual livers. Incubations were at 21° for the time intervals 
specified. 

t Average body weights in Groups 33 and 34 were 144.8 + 3.6 
and 73.5 + 4.0 gm., respectively after 8 weeks. 


2 
§S.e.m. = "A Gov. 
n(n — 1) 


|| Addition of a boiled liver extract gave no significant restora- 
tion of activity in 4 disrupted mitochondrial samples from ribo- 
flavin-deficient rats. 


flavin phosphate or FAD did not restore activity to either frac- 
tion. In view of the fact that enzymatic activity is lost rapidly 
in preparations stored below pH 4.0 at ice bath temperature, it 
seems likely that the protein moiety was denatured by the acidic 
treatment at high salt concentrations. | 

Hepatic Enzyme Levels During Riboflavin Deficiency—Prelimi- 
nary experiments indicated that whole mitochondria from the 
livers of riboflavin-deficient rats were less active in hydroxylat- 
ing kynurenine than those from inanition control rats. It 
seemed necessary to eliminate the possibility that this difference 
resulted from differences in mitochondrial permeability. There- 
fore the cholate method without centrifugation was used to dis- 
rupt the mitochondria before measurement of hydroxylase activ- 
ity. In Table II, the results from Groups 33 and 34 constitute 
a comparison between riboflavin-deficient and inanition control 
rats. The specific activity of t-kynurenine hydroxylase was 
3-fold lower in disrupted liver mitochondria from the riboflavin- 
deficient animals than in those from inanition control animals. 
Preincubation with riboflavin phosphate, FAD, or a boiled liver 
extract did not increase enzymatic activity in the preparations 
from riboflavin-deficient rats. 


DISCUSSION 


Since mitochondria appear to be the only site of 3-hydroxy- 
kynurenine formation in liver cells (7), a depression in the hy- 
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droxylase activity of liver mitochondria from riboflavin-deficient 
rats is consistent with the postulation (2) that the conversion of 
L-kynurenine to 3-hydroxy-L-kynurenine is impaired by a ribo- 
flavin deficiency. Failure to observe significant restoration of 
activity by the addition of riboflavin phosphate or FAD to dis- 
rupted mitochondria from deficient animals places a coenzyme 
role for riboflavin in doubt. However, Burch et al. (15) have 
observed similar results in their studies of tissue levels of six 
flavoprotein enzymes during riboflavin deficiencies in the rat. 
Only limited restoration of D-amino acid oxidase or glycolic acid 
oxidase activity could be obtained by adding the appropriate 
flavin coenzyme to liver homogenates from riboflavin-deficient 
rats. Little or no restoration of activity could be observed for 
the other four enzymes tested. A depression of apoenzyme levels 
during riboflavin deficiency was offered as an explanation for 
these results. 

Another possible explanation for failure to obtain restoration 
of hydroxylase activity with the addition of riboflavin phosphate 
or FAD to disrupted mitochondria is indicated by the report of 
Singer et al. (16). The linkage(s) binding FAD to the protein 
in succinic dehydrogenase preparations from beef heart mito- 
chondria are not broken completely by mild acidic hydrolysis 
conditions (16). Partial enzymatic hydrolysis of the enzyme 
preparations gives rise to a series of compounds containing 
amino acids firmly attached to the coenzyme, but no free coen- 
zyme. On the basis of these findings it is conceivable that re- 
constitution of these enzymes and of the kynurenine hydroxylase 
system would not be possible by simply adding FAD to prepara- 
tions from riboflavin-deficient rats even if normal amounts of 
the apoenzyme were present in these preparations. 


Riboflavin and Hepatic Kynurenine Hydroxylase 


Further studies of the possible function of riboflavin as a co- 
enzyme for kynurenine hydroxylase will take into consideration 
the above possibilities. It is interesting to note that phenylala- 
nine hydroxylase, a similar enzyme system, requires an unidenti- 
fied organic cofactor for maximal activity (17). Such a co- 
factor, tissue levels of which may be reduced by a riboflavin 
deficiency, may also be functioning in the kynurenine hydroxy]- 
ase system. The requirement for such a cofactor could not be 
shown by dialysis. 


SUMMARY 


1. A 2- to 3-fold increase in kynurenine hydroxylase activity 
resulted from digitonin or scdium cholate treatment of hepatic 
mitochondria. Of this enzyimatic activity 90 and 34 per cent 
were present in the supernatant from 144,000 x g centrifugation 
of cholate and digitonin treated mitochondria, respectively. Af- 
ter digitonin treatment 39 per cent of the activity was found in 
submitochondrial particles. 

2. Potassium cyanide and potassium chloride, each at 10-? M, 
doubled the activity of a dialyzed, soluble preparation. In the 
presence of optimal concentrations of reduced triphosphopyri- 
dine nucleotide and t-kynurenine, there was a linear dependence 
of initial reaction rate on enzyme concentration. 

3. The specific activity of L-kynurenine hydroxylase in cholate 
disrupted hepatic mitochondria from riboflavin-deficient rats was 
30 to 50 per cent that of similar preparations from inanition con- 
trol animals. Addition of riboflavin phosphate, flavin adenine 
dinucleotide, or a boiled liver extract had no statistically signifi- 
cant effect on hydroxylase activity of preparations from deficient 
or control animals. 
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Earlier work in this laboratory has demonstrated that ergo- 
thioneine is synthesized by a variety of fungi (1). Studies of the 
pathway of biosynthesis in Neurospora crassa have shown that 
the amino acids, histidine, cysteine, and methionine, serve as pre- 
cursors, with histidine providing the imidazole ring, cysteine 
providing the sulfur atom, and methionine providing the methy] 
carbon atom for one or more of the methyl groups of the betaine 
moiety (2). This last reaction has now been studied in greater 
detail. By the use of N**-histidine it has been found that the 
a-amino nitrogen atom of histidine is retained in the conversion. 
With the aid of methionine doubly labeled in the methyl group 
with both C™ and deuterium, it has been established that all 


three methyl groups of ergothioneine can be derived from me-- 


thionine by transmethylation reactions. 


EXPERIMENTAL 


Materials—N'*H,NO3 was purchased from the Eastman Ko- 
dak Company, Rochester, New York. .L-Methionine-CH; was 
synthesized from BaCO; (3). t-Methionine-CD; was prepared 
from deuteriomethy] iodide (4). Intramolecularly labeled t-me- 
thionine-C“D; was prepared from CO, and lithium aluminum 
deuteride (5). 

Methods—N. crassa (ATCC 10336, wild type A) and a methi- 
onine-requiring mutant of N. crassa (ATCC 10780) were grown 
in a chemically defined medium (6) at room temperature in 
shaken cultures as previously described (2), the medium being 
supplemented with methionine in the case of the mutant (7). 
Ergothioneine was extracted from the mycelia with hot water 
and was separated from interfering substances by chromatog- 
raphy on alumina (8, 9). Aliquots of the fractions from the col- 
umns were analyzed for ergothioneine by the modified Hunter 
diazo test (10), and radioactivity determinations were carried 
out on dried aliquots by the use of a mica window counter. N15 
was determined in the mass spectrometer after Kjeldahl digestion 
of the compounds and conversion of the NH; to Nz by treatment 
with NaOBr (11). Deuterium analyses were done by means of 
the mass spectrometer on hydrogen samples obtained by burning 
the compounds in O, and reducing the resulting water with zinc 
(12). 

Preparation of N‘*-Histidine—Uniformly labeled N?%-1-histi- 
dine was prepared biosynthetically by growing N. crassa in a 
medium in which the sole source of nitrogen was N!5-ammonium 
citrate. This substance was prepared from 50 gm. of N4®H,NOs, 
containing 5 atom per cent excess N!* in the ammonium group, 
by treatment with alkali and collection of the N!5H; in an aqueous 
solution of 65 gm. of citric acid. The solution was then adjusted 


* This work was aided by a grant from the National Science 


Foundation. 
t Fellow of the Helen Hay Whitney Foundation. 


to pH 5.4 and added to growth medium (6) from which the usual 
ammonium tartrate and nitrate had been omitted. The total 
volume of the medium was 151. Wild type N. crassa was grown 
under sterile conditions in this medium for 10 days with continu- 
ous aeration. The resulting mycelium was washed with water, 
frozen, and homogenized in a Waring Blendor. An aqueous sus- 
pension of this material was heated to boiling for 30 minutes and 
then filtered. The solid material was extracted with hot 75 per 
cent ethanol, absolute ethanol, ethanol-ether, and finally 5 per 
cent trichloroacetic acid (13). The dried residue was heated 
under reflux for 20 hours with 6 N HCl. The histidine in the 
hydrolysate was partially purified by electrodialysis in the pres- 
ence of ion exchange resin (14) and then was crystallized as the 
bis-3 ,4-dichlorobenzenesulfonate (15). This was converted to 
the dihydrochloride which was crystallized from acetic acid. 
The yield of histidine dihydrochloride was 66 mg., micro m.p. 
226-—229°, +6.60° (c = 5.9 in water). Paper chromatog- 
raphy of the material indicated homogeneity and identity with 
an authentic sample. 

N1'5-Histidine as Precursor of Ergothioneine—To each of five 
flasks, each containing a sterile solution of 11.8 mg. of the N’>- 
histidine dihydrochloride, was added sufficient sterile medium 
supplemented with 19 mg. of cystine to give a final volume of 100 
ml. Each was inoculated with 3 ml. of a mycelial suspension of 
wild type N. crassa. After 24 hours of growth the mycelia were 
combined, washed with water, dried, and extracted with hot 
water. The extracted material was chromatographed on alu- 
mina with 80 per cent ethanol. The column effuent contained 
1.12 mg. of ergothioneine. This was diluted with 18.0 mg. of 
nonisotopic ergothioneine, and the mixture was rechromato- 
graphed on alumina, crystallized, passed through a column of 
IRA-410 acetate resin, and recrystallized. The yield was 16.2 
mg. of ergothioneine. 

Analyses—A 3.960-mg. sample of the N?-histidine dihy- 
drochloride used in the growth experiment was mixed with 32.3 
mg. of nonisotopic histidine dihydrochloride and recrystallized. 
Analysis of this material gave 0.495 atom per cent excess N™. 
A sample of the isolated ergothioneine was analyzed directly and 
found to contain 0.223 atom per cent excess N'*. To determine 
the distribution pattern of the N15, a second sample of the N?5- 
ergothioneine was degraded to thiolurocanic acid and trimethyl- 
amine by treatment with strong alkali as previously described 
(2). The thiolurocanic acid was repeatedly precipitated by 
acidification of alkaline solutions of the compound and then was 
crystallized from aqueous dimethylformamide. Analysis of this 
material gave 0.128 atom per cent excess N!5. The trimethyla- 
mine sample was accidentally lost, but its N' content is readily 
calculated from the values for ergothioneine and thiolurocanic 
acid (Table I, below). 
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Ergothioneine Synthesis from Doubly Labeled Methionine by 
Wild Type N. crassa—The methionine used was a mixture of in- 
tramolecularly labeled L-methionine-C“D; with L-methionine- 
CD;. Two flasks, each containing 100 ml. of growth medium 
and 11.5 mg. of the labeled methionine, were inoculated with a 
mycelial suspension of wild type N. crassa. After 24 hours of 
growth the mycelia were combined, washed, dried, and analyzed 
for ergothioneine. To minimize losses of labeled compound, 
10.5 mg. of carrier ergothioneine were added to the water used 
for extracting the mycelium. The ergothioneine in the extract 
was purified by chromatography on alumina, first with 75 per 
cent ethanol-1 per cent formic acid, and then twice with 80 per 
cent ethanol. The specific activity of the final fractions was 
constant at 440 ¢.p.m. per mg. of ergothioneine. The product, 
weighing 7.7 mg., was diluted with 7.9 mg. of carrier ergothio- 
neine, chromatographed again, and crystallized three times from 
aqueous ethanol. 

C™% and Deuterium Analyses of Ergothioneine from Wild Type 
N. crassa—Ten mg. of the above ergothioneine were degraded to 
thiolurocanic acid and trimethylamine. The crude thiolurocanic 
acid showed 2 ¢.p.m. The trimethylamine was converted to the 
chloroplatinate which was crystallized twice from aqueous etha- 
nol. <A platinum analysis gave 37.2 (calculated, 36.7). A 3.514- 
mg. sample was burned and found to contain 0.387 atom per cent 
excess deuterium. The CO2 from the combustion was collected 
in NaOH solution. To this were added 8.25 ml. of 0.025 mM 
NaeoCOs; and then an excess of BaCl.. The BaCQs, collected as a 
2.2-cm.? pad on filter paper, weighed 59.3 mg. and showed 180 
c.p.m. 

A 2.96-mg. sample of the doubly labeled methionine was di- 
luted with 23.9 mg. of carrier methionine, and 3.04 mg. of this 
diluted material was analyzed for deuterium and C™ in the same 
fashion. The deuterium content of the diluted methionine was 
1.90 atom per cent excess. A BaCQO; pad weighing 59.1 mg. and 
showing 1189 ¢.p.m. was obtained. The above analytical values 
were used in calculating the results shown in Table IT below. 

Ergothioneine Synthesis from Doubly Labeled Methionine by Me- 
thionineless N. crassa—The extensive dilution of C'™ and deute- 
rium appearing in the methyl! groups of ergothioneine in the pre- 
ceding experiment (Table II, below) made it impossible to draw 
conclusions about the mode of formation of all three methyl 
groups. In order to decrease this dilution effect, similar experi- 
ments were carried out with a methionine-requiring mutant of 
N. crassa in which the synthesis of methionine from homocysteine 
and choline is blocked (7). Preliminary experiments with C™- 
methionine and the mutant showed much less dilution of C™ in 
the methyl groups of ergothioneine. However, sufficient dilu- 
tionstill occurred to limit seriously the significance of results with 
doubly labeled methionine. This difficulty was overcome by the 
use of a high concentration of labeled methionine together with a 
spore inoculum rather than the usual heavy mycelial inoculum, 
It was found that the vield of ergothioneine could be thaterially 
increased by placing the mycelium, after the usual growth period, 
in sterile water for 24 hours. Again, it was necessary that labeled 
methionine be present in the water in order to minimize dilution 
of the isotope. 

In the final experiment the mutant was grown for 48 hours 
from a spore inoculum in 100 ml. of medium containing 20 mg. 
of a mixture of Lt-methionine-C'™“H; and t-methionine-CD3 and 
then was suspended for 24 hours, with shaking, in a sterile solu- 
tion of 20 mg. of the labeled methionine in 100 ml. of water. 


Transmethylation in Ergothioneine Biosynthesis 


Ergothioneine was extracted from the mycelium with hot water 
and was purified by chromatography on alumina, first with 75 
per cent ethanol-1 per cent formic acid and then with 80 per cent 
ethanol. The ergothioneine from the last chromatogram. 
amounted to 1.43 mg. It was combined with 15.0 mg. of non- 
isotopic ergothioneine, and the mixture was crystallized four 
times from aqueous ethanol to yield 11.4 mg. | 

C% and Deuterium Analyses of Ergothioneine from M utant—The | 
above sample of ergothioneine was converted to thiolurocanic | 
acid and trimethylamine. The thiolurocanic acid, after crystal- | 
lization from aqueous dimethylformamide, weighed 5.6 mg. and, 
showed 2¢.p.m. The trimethylamine was purified as the chloro- | 
platinate by four crystallizations from aqueous ethanol. The 
final sample weighed 9.0 mg. and showed 1570 c.p.m. <A sample | 
weighing 0.965 mg. was analyzed for C™ and deuterium. The 
deuterium analysis showed 4.80 atom per cent excess deuterium , 
in the trimethylamine chloroplatinate. The CO from the com- 
bustion was diluted with 10 mg. of NasCO3 and then converted 
to BaCOs;. A pad weighing 56.2 mg. and showing 78 c.p.m. was 
obtained. A 1.060-mg. sample of the intermolecularly labeled 
methionine was diluted with 22.84 mg. of nonisotopic methionine, 
and 4.696 mg. of this material was burned for analysis. The 
deuterium content was 0.930 atom per cent excess, and the BaCOQ; 
pad weighed 55.1 mg. and showed 139 c.p.m. The results calcu-. 
lated from these data are given in Table III below. 


RESULTS AND DISCUSSION 


In the earlier studies of ergothioneine biosynthesis in N. crassa, | 
it was concluded that the intact imidazole ring of histidine is in- 
corporated into ergothioneine, since histidine-2-C™ was found to 
be converted to ergothioneine without loss of isotope (2). The. 
present results with uniformly labeled N'-histidine substantiate | 
this view in that there is a high degree of retention of N’ in the. 
imidazole ring of ergothioneine as shown by the N!® analysis of. 
the thiolurocanic acid derived from ergothioneine (Table 1). | 
The 10 per cent dilution of isotope in the thiolurocanic acid is. 
probably due to the fact that a lower concentration of histidine 
was used here compared to the earlier work with C"-histidine, 
and as a result ergothioneine synthesis from endogenous histidine 
was not completely suppressed. 

The N?* analysis of ergothioneine from this experiment shows 
a preferential loss of N'* from the a-amino group of histidine, 
presumably due to transamination or other exchange reaction. 
However, the high concentration of N! in the trimethylammo- 
nium moiety of the ergothioneine, amounting to 59 per cent of 
that in the imidazole ring, shows conclusively that there is no 
obligatory loss of the a-amino group of histidine during its con- 
version to ergothioneine. Biosynthetic pathways which would 
involve such a loss, e.g. the formation, as an intermediate, of im- 
idazolepyruvie acid, urocanic acid, or the corresponding sulfhy- 
dry! derivative, can therefore be eliminated from consideration. | 
In conjunction with the earlier data (2), these results suggest that. 
the intact histidine molecule is incorporated into ergothioneine 
and are compatible with the evidence showing that the methyl 
groups of ergothioneine arise by transmethylation. 

When N. crassa is grown in the presence of methyl-labeled C™- 
methionine, the isotope appears in ergothioneine almost exclu- , 
sively in the methyl groups (2). Free formate is not an inter- 
mediate in this conversion, since C'-formate under similar 
conditions leads to ergothioneine labeled not only in the methy! 
groups but also in the thiolurocanic acid portion (2). It has | 
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since been found that C'*-formaldehyde behaves similarly to for- 
mate. These data point to transmethylation as the mechanism. 
However, rigorous proof of such a mechanism requires the use of 
methionine in which the hydrogen atoms of the methyl group are 
also labeled. 

The results obtained when methionine labeled intramolecularly 
with both C™ and deuterium in the methyl! group was used with 
wild type N. crassa are shown in Table II. The decrease in the 
deuterium to C™ ratio in the conversion of the methionine methyl] 
group to the methyl groups of ergothioneine shows that a prefer- 
ential loss of deuterium over C™ has occurred. If the methyl 
groups of ergothioneine were derived from methionine by a proc- 
ess which involved their oxidation to the formaldehyde level, 
then the deuterium to C" ratio in the ergothioneine could not ex- 
ceed 67 per cent of that in the methionine. However, the deute- 
rium to C™ ratio in the ergothioneine is 79 per cent of that in the 
methionine, and this is sufficiently high to show that at least one 
intact methyl group must have been transferred from methionine. 

Because of the large dilution of C' and deuterium which oc- 
curred in this experiment, there is no way of knowing whether 
the isotopic labels in the trimethylammonium radical of ergo- 
thioneine are confined to one methyl group or whether they are 
present in two or in all three methyl groups. It is therefore mani- 
festly impossible to gain information from these results concern- 
ing the origin or mode of formation of the two remaining methyl 
groups. If these groups are also derived from methionine, then 
it should be possible to decrease the dilution of isotopes by using 
a methionineless mutant, in which the endogenous synthesis of 
methionine is blocked. 

When the methionineless mutant of N. crassa was used in a 
similar experiment with doubly labeled methionine, the dilution 
of isotopes was in fact markedly reduced, as shown in Table III. 
These data show a dilution of only 20 per cent in the radioactiv- 
ity of the methyl groups of ergothioneine compared to that of 
methionine. This means that 80 per cent of the methyl carbon 
of the ergothioneine has been formed from the methyl] carbon of 
the methionine; in other words, all three of the methyl! groups of 
ergothioneine contain C™ derived from methionine. Therefore 
deductions concerning the mode of origin of all three methyl 
groups can be drawn from a consideration of the deuterium to C 
ratios. Since these ratios are identical, within experimental er- 
ror, for the methionine and the ergothioneine methyl groups, it 
follows that 80 per cent of the methy! radical in the ergothioneine 
sample must have arisen from the methionine without loss of 
hydrogen; that is, all three methyl groups have been formed by 
transmethylation reactions. 

Further evidence in conformity with this conclusion has been 
obtained by showing that free formate or formaldehyde is not 
an intermediate in the transfer of methyl! carbon in the methio- 
nineless mutant. As was done earlier with the wild type organ- 
ism, the mutant was grown in the presence of C'-formate and 
C'-formaldehyde, in separate experiments. The ergothioneine 
which was formed was radioactive, but in both cases the amount 
of C' in the thiolurocanic acid was more than 300 times that in 
the trimethylamine. This is in sharp contrast to the virtual ab- 
sence of radioactivity in the thiolurocanic acid when labeled me- 
thionine is used and excludes free formate or formaldehyde as an 
intermediate in the latter situation. 

The data presented in this paper appear to establish beyond 
reasonable doubt that the biosynthesis of the trimethylammo- 
nium moiety of ergothioneine can occur via a triple transmeth- 
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TABLE I 
Synthesis of ergothioneine from N'*-histidine 
by N. crassa 

Wild type N. crassa was grown in the presence of uniformly 
labeled N'5-histidine. The resulting ergothioneine was degraded 
to thiolurocanie acid and trimethylamine. The N'5 value for 
trimethylamine is calculated from the values for ergothioneine 
and thioluroecanic acid. 


Compound | N15 
| atom per cent excess 
Ergothioneine..................... | 3.78 
Thiolurocanic acid................ | 4.38 


TABLE II 


Synthesis of ergothioneine from methionine-C'D,; 
by N. crassa 
Wild type N. crassa was grown in the presence of methionine 
labeled intramolecularly in the methyl group with C™ and deu- 
terium. The ergothioneine was degraded to thioluroeanic acid 
and trimethylamine. The deuterium to C' ratio of the methyl] 
group of methionine is given an arbitrary value of unity. 


Compound | cu D | D:cM 
c.p.m./mmole atom per cent 
| methyl excess 
Methionine.............. 536,000 64.5 1.00 
Trimethylamine.......... | 4,510 0.430 | 0.79 
TABLE III 


Synthesis of ergothioneine from methionine-C'D,; 
by methionineless N. crassa 
The mutant was grown in the presence of methionine labeled 
intermolecularly in the methyl group with C'™ and deuterium. 
The ergothioneine was degraded to thiolurocanic acid and tri- 
methylamine. The deuterium to C" ratio of the methyl group of 
methionine is given an arbitrary value of unity. 


| 
Compound | D 
| c.p.m./mmole atom per cent 
| methyl excess 
Methionine.............. 90,300 77.2 1.00 
| 
Trimethylamine.......... | 72,500 61.4 0.99 


ylation mechanism. This conclusion cannot, of course, be ap- 
plied directly to the question of the pathway of formation of the 
trimethylammonium radical in other compounds of biochemical 
interest. However, the work does have considerable significance 
for these problems in that it demonstrates that a triple trans- 
methylation mechanism does exist in nature. 


SUMMARY 


The pathway of biosynthesis of the trimethylammonium group 
of ergothioneine by Neurospora crassa has been studied with the 
aid of isotopically labeled precursors. When uniformly labeled 
N}-histidine was used as a precursor, the ergothioneine which 
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was formed was labeled in both the imidazole ring and the tri- 
methylammonium group, indicating that the intact histidine 
molecule, including the a-nitrogen atom, is incorporated into 
ergothioneine. When methionine doubly labeled in the methyl 
group with C™ and deuterium was used as a precursor, both iso- 
topes appeared in the methy] groups of ergothioneine, in amounts 


Transmethylation in Ergothioneine Biosynthesis 


sufficient to show that at least one intact methyl] group had been 
transferred from methionine to ergothioneine. In a similar ex- 
periment with a methionineless mutant of N. crassa, sufficient 
C' and deuterium appeared in the trimethylammonium group of 
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ergothioneine to establish that all three methyl groups had been — 


derived from methionine by transmethylation reactions. 
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Studies with Lactobacillus leichmannii have indicated that vita- 
min By is required for the reduction of formate to the methyl 
group of thymine (1). Such a function is in agreement with other 
data implicating the vitamin in methyl group neogenesis and in 
thymine synthesis (2, 3). The present experiments were de- 
signed to study the role of vitamin Bi: in thymine biosynthesis 
by bone marrow. The results to be presented demonstrate the 
involvement of Biz in the reduction of formate to the methyl 
group of thymine by chick bone marrow cells. 


EXPERIMENTAL 


Day-old chicks, obtained from a commercial hatchery, were 
given a basal purified diet deficient in both vitamin By. and folic 
acid. The basal diet was the same as used by Fox et al. (4) ex- 
cept that folic acid was omitted from the mixture of vitamins. 
The components of the basal diet were: glucose, 39.6 gm.; Crisco 
(hydrogenated vegetable fat), 20.0 gm.; Drakett protein (soy- 
bean protein), 30.0 gm.; L-cystine, 0.3 gm.; corn oil, 4.0 gm.; 
salt mixture (chick salts A (5)), 6.0 gm.; choline chloride, 0.1 
gm.; thiamine hydrochloride, 0.8 mg.; riboflavin, 0.8 mg.; cal- 
cium pantothenate, 2.0 mg.; nicotinic acid, 10 mg.; pyridoxine, 
0.8 mg.; biotin, 0.03 mg.; 2 methyl-1,4-napthoquinone, 0.1 mg.; 
vitamin A acetate, 0.6 mg.; vitamin D3, 2 ug.; a-tocopherol ace- 
tate, 2.5 mg.; a-tocopherol, 2.5 mg. One group was given this 
diet without supplement; three other groups were given the basal 
diet supplemented with By., folic acid, and with both vitamins, 
respectively. Folic acid (pteroylglutamic acid) was incorporated 
into the diet at a level of 3 mg. per kg. Vitamin B,2 was ad- 
ministered weekly by intramuscular injections. The dosage 
used was 3 wg. per chick for the Ist week and 9 wg. per chick for 
There were 10 to 20 chicks per group. 

After 3 weeks of feeding, complete hematological studies were 
conducted by standard procedures. Bone marrow cell suspen- 
sions were then prepared for studies of thymine biosynthesis. 
The marrow from both tibias and femurs from a chick was sus- 
pended in 5 ml. of Robinson’s medium (6) and filtered through 
several layers of gauze. In experiments in which the effects of 
additions in vitro were studied, the marrow from several chicks 
was pooled with a corresponding increase in the volume of Robin- 
son’s medium. Total cell counts were made on the suspensions, 
by the procedures employed in enumerating peripheral blood 
cells, 

Two ml. of the marrow cell suspension were incubated in 20-ml. 


* This investigation was supported by Research Grant No. 
A-721 et seq. from the National Institutes of Health, United States 
Public Health Service. 


beakers with 8 uc. of sodium formate-C" (1.5 uc. per umole), and 
with the other addition as indicated in the tables of results. Af- 
ter 3 hours of incubation at 37° in a Dubnoff shaker, 1.2 ml. of 12 
N perchloric acid were added to each of the incubation beakers. 
The beakers were then heated on a steam bath for 30 minutes. 
Such treatment converts all compounds containing thymine to 
free thymine. The perchloric acid was neutralized with satu- 
rated KOH and the precipitated potassium perchlorate removed 
by centrifugation. The precipitate was washed with a small 
volume of water, and the washings were added to the original 
supernatant fluid. Five mg. of carrier thymine were added, 
followed by 5 drops of bromine, and the mixture was heated on a 
steam bath until the solution was clear. Solid sodium bicarbon- 
ate was added to a final concentration of 1 mM, and the mixture 
was heated in a boiling water bath for 20 minutes. An equal 
volume of 0.025 m 2,4-dinitrophenylhydrazine in 12 n HCl was 
added, and the tubes were heated for 1 hour on the steam cone. 
The precipitated acetol osazone, which contained the 5-methy] 
group of the original thymine, was washed several times with 
water and plated in aluminum planchets. The samples were 
assayed for radioactivity with an end window Geiger tube. The 
counts were corrected to infinite thinness, and specific activity 
of the acetol osazone was determined. From these data it was 
possible to calculate the total thymine counts in the original in- 
cubation mixture. This calculation assumes that the amount of 
thymine present in the bone marrow cells was negligible com- 
pared to the amount of carrier added. Dry weight determina- 
tions were made on the original marrow cell suspensions, and all 
results are reported as total thymine c.p.m. per mg. (dry weight) 
of marrow. 

The procedure for degrading thymine was adapted from the 
method of Baudisch and Davidson (7). 

In the experiments in which the incorporation of amino acids 
into protein was measured, 2 ml. of marrow cell suspension were 
incubated for 1 hour at 37° in the Dubnoff incubator with the 
C-labeled amino acid. Protein was precipitated with trichloro- 
acetic acid. The precipitate was washed several times with 10 
per cent trichloroacetic acid and then suspended in 5 per cent 
trichloroacetic acid and heated for 30 minutes at 90°. The pre- 
cipitate was washed with 5 per cent trichloroacetic acid, and then 
with alcohol, aleohol-ether (3:1), and ether. The protein was 
suspended in alcohol and plated on aluminum planchets. The 
samples were assayed for radioactivity with an end window 
Geiger tube, and the counts were corrected to infinite thinness. 
The results are reported as c.p.m. per mg. of protein. 

Certain of the data were analyzed for statistical significance by 
the analysis of variance method (8). 
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TABLE I 
Chick growth and hematological data 
The data were obtained after 3 weeks on the experimental 
diets. 


| Total mar- 
Dietary supp! t Body | ‘108 ue Eryth tes Wns 
y suppiemen weight | rythrocytes r 
| weight 
gm./chick | 106 /yl. 
185 | 11.3 1.33 233 
189 Ss «15.6 1.35 229 
B,. + folic acid. ...... 1.51 212 
TABLE II 


Thymine biosynthesis by chick bone marrow cell suspensions 
Each flask contained 2 ml. of marrow cell suspension, 8 ue. of 
sodium formate-C™, 50 wmoles of sodium succinate. Final vol- 
ume was 2.4 ml. The quantities of the additions were: deoxy- 
uridine, 10 deoxycytidine, 10 wmoles. 


Additions Thymine counts 
Deoxyuridine + deoxycytidine. . 222 


TaBLeE III 
Influence of dietary folic acid and vitamin By. on thymine 
biosynthesis by chick bone marrow 

each flask contained 2 ml. of marrow cell suspension, 8 ue. of 
sodium formate-C!, 10 wmoles of deoxyuridine, and 50 wmoles of 
sodium succinate. Final volume, 2.4 ml. The results are ex- 

pressed as thymine ¢c.p.m. per mg. of marrow, dry weight. 
| 


Dietary supplement Thymine counts 


| 119 
257 

279 


TaBLe IV 
Influence of vitamin By, and reduced glutathione in vitro on thymine 
biosynthesis by vitamin Bys-deficient chick bone marrow 
The experimental conditions were the same as deseribed in 


Table III. 


Bie added Glutathione added Thymine gounts 

myug./ml. | peg. /mi. | 

0 0 | 157 

1.5 0 170 

15 0 | 192 

150 0) 236 

1500 Q 253 

0 39 161 

1500 35 242 
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RESULTS AND DISCUSSION 


Chicks receiving the basal diet exhibited signs of moderate de- 
ficiency as illustrated by the data in Table I. Each of the vita- 


i 


mins induced a growth response, and both were necessary for | 


maximal response. 
cell counts of the suspensions. Although these data have no 
significance as absolute values they are valuable for comparative 
purposes. It is apparent that folic acid or By: deficiency did not 
significantly influence the total number of marrow cells. Chicks 
deficient in either folic acid or By exhibited a slightly elevated 
mean corpuscular volume. This observation is in agreement 
with the macrocytic nature of the anemia which accompanies a 
deficiency of these vitamins. 

It was necessary to determine the methyl] acceptor for thymine 
biosynthesis by marrow cells. In various systems either deoxy- 
uridine or deoxycytidine serves in this capacity (9). It may be 
seen from the data in Table II that in chick bone marrow cells 
deoxyuridine is the methyl acceptor; deoxycytidine was actually 
inhibitory. 

The data in Table III show that dietary vitamin Be increased 
the rate of conversion of formate to the methyl group of thymine 
by bone marrow cells. These data are the average of six experi- 
ments, each experiment utilizing one or more chicks from each 
group. Dietary folic acid increased thymine biosynthesis only 
slightly. When analyzed statistically, the influence of dietary 
Biz was found to be highly significant (P < 0.01); the effect of 
dietary folic acid was not statistically significant. 

After the demonstration that a dietary deficiency of vitamin 
By resulted in a reduction in the conversion of formate to the 
methyl group of thymine by bone marrow, experiments were de- 
signed to study the effects of addition of Bis in vitro to deficient 
marrow. Typical results are shown in Table IV. The addition 
of Biz tn vitro was as effective as Bis injections in stimulating the 
conversion of formate to the methyl group of thymine. In view 
of the reported role of vitamin By. sulfhydryl metabolism (10, 11) 
the influence of reduced glutathione on thymine biosynthesis was 
tested. It may be seen from the data in Table IV that reduced 


TABLE V 
Influence of vitamin By in vitro on incorporation of amino acids 
into protein by vitamin Byo-deficient chick bone marrow 
Kach flask contained 2 ml. of marrow cell suspension and 6 uc. 
of the C'4-amino acid. Final volume was 2.5 ml. The specific 
activities of the amino acids were: glycine-1-C', 1 me. per mmole; 
leucine-1-C'4, 2.5 me. per mmole. 


C'-Amino acid Bizadded |, | Protein counts 
| mug./ml. pmoles/ml. c.p.m./meg. 

Experiment 1 

0 | 0 80 

15 | 0 82 

1500 | 0 83 
experiment 2 | 

| 0 0 527 

| 0 | 50 608 

| 1500 | 50 605 


Total marrow cells were calculated from the © 
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glutathione did not influence the reaction nor did it influence the 
Bi: effect. From these data it would appear that vitamin By. is 
directly involved in the reduction of formate to the methyl group 
of thymine by bone marrow cells. 

There have been several reports indicating a role of vitamin 
Bi: in protein biosynthesis (12). In order to test this possible 
relationship in marrow cells the experiments reported in Table V 
were conducted. When glycine-1-C™ was incubated with By>- 
deficient marrow cells, Biz added in vitro did not affect the in- 
corporation of the amino acid into protein. Similar results were 
obtained with leucine-1-C'™. Sodium succinate slightly increased 
the incorporation of leucine into protein, presumably by increas- 
ing the synthesis of ATP. However, again By. added in vitro 
was without effect. It should be pointed out that under these 
same conditions the addition of vitamin Bi, in vitro stimulated 
the reduction of formate to the methyl group of thymine. 

These experiments demonstrate a direct involvement of vita- 
min By in the reduction of formate to the methyl group of thy- 
mine. Although dietary folic acid exerted only a slight effect on 
this reaction under our conditions, other reports leave little doubt 
of the involvement of folic acid derivatives in thymine biosyn- 
thesis (13, 14). Thus both vitamins have been shown to be in- 
volved in an important metabolic reaction of bone marrow, an 
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observation which is compatible with their interrelationship in 
hematopoiesis. 

The exact mechanism whereby Biz catalyzes the reduction of 
formate remains to be elucidated. Of interest in this connection 
is the report of Vohra et al. (15) demonstrating the formation of a 
complex. The possibility exists that com- 
bines with formate and the reduction occurs in this combined 
state. 


SUMMARY 


Chicks were given a diet deficient in folic acid and vitamin By,» 
and this basal diet supplemented with the vitamins singly and in 
combination. Marrow cell suspensions were incubated with de- 
oxyuridine and sodium formate-C™, and the conversion of for- 
mate to the methyl group of thymine was measured. Vitamin 
Bie deficiency resulted in a reduced rate of conversion of formate 
to the methyl group of thymine. The addition of By. in vitro to 
B,2-deficient marrow cells restored thymine biosynthesis to nor- 
mal. The addition of By: in vitro did not influence the incorpora- 
tion of amino acids into protein by By.-deficient marrow cells. 
The results indicate a direct involvement of vitamin By. in the 
reduction of formate to the methyl group of thymine by bone 
marrow cells. 
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A system was sought in liver which would catalyze the syn- 
thesis of glucosyl oligosaccharides from glucose in relation to the 
study of the origin of liver glucosyl] oligosaccharides (1,2) and of 
enzymic catalysis of group transfer. In preliminary experiments, 
it was observed quite unexpectedly that digests of liver super- 
natant containing glucose and nucleoside produced a reducing 
sugar which was not maltose. This sugar has now been identi- 
fied as sedoheptulose monophosphate and it has been isolated as 
the phosphate-free anhydride from a large scale digest in which 
adenosine was the exclusive substrate. This paper is an account 
of these experiments and includes other studies which indicate 
some of the optimal conditions and rate-limiting factors in the 
transformation of nucleoside to sedoheptulose monophosphate. 


EXPERIMENTAL 


Materials—Adenosine, inosine, guanosine, xanthosine, uridine, 
cytidine, and deoxyadenosine were obtained from the Nutritional 
Biochemical Corporation; deoxycytidine, deoxyguanosine, and 
deoxyuridine from the Sigma Chemical Company; and orcinol 
from the Fisher Scientific Company. 

Dihydroxyacetone, glyceraldehyde, oxalosuccinic acid-Ba salt, 
sodium pyruvate, and xanthine oxidase were purchased from the 
Nutritional Biochemical Corporation; Amberlite IR-120 from 
Rohm and Haas Company; Duolite A-4 from the Chemical Proc- 
ess Company; “polidase’” from Schwarz Laboratories, Inc. 
The Ba salt of sedoheptulose 7-phosphate was kindly supplied by 
Dr. B. L. Horecker and sedoheptulosan monohydrate by Dr. N. 
K. Richtmyer. All other chemicals were the best reagent grade 
available. 

Preparation of Liver Supernatant—Adult male rats (approxi- 
mately 250.0 gm.) were killed by dislocating the cervical ver- 
tebrae. The organs were immediately removed, washed (0.9% 
NaCl solution), and chilled. A 10 percent aqueous homogenate 
was prepared and centrifuged at 25,000 x g for 30 minutes in 
the PR-1 International refrigerated centrifuge. The supernatant 
solution was used as the enzyme source. 

System—This was composed of 0.5 ml. of 0.035 m nucleoside 
solution, 0.25 ml. of enzyme solution, and 0.5 ml. of phosphate 
buffer, pH 6.7, (3) which was either 0.1 or 0.01 mM. The experi- 


* Aided in part by grants-in-aid (RG-3213) from the National 
Cancer Institute, National Institutes of Health, Bethesda, Mary- 
land, (P-106, P-107) from the American Cancer Society, Inc., New 
York, New York, and (Massachusetts Division) American Cancer 
Society, Inc., Boston, Massachusetts. 

+ Presented at the Philadelphia Meeting of the American So- 
ciety of Biological Chemists, April 1958. 


ments were often done at the two final concentrations of phos-. - 


phate in the digest of 0.04 and 0.004 m for reasons which will 
soon be evident. 
the case of digests containing the lesser amount of phosphate and 
18 to 22 hours in the case of the stronger concentration of phos- 
phate. 


cubation 1.25 ml. of 95 per cent ethanol were added and the mix- 
ture was centrifuged. All analyses were performed on the super- 
natant. 

Methods—Sedoheptulose was determined on a 1.0-ml. aliquot 
by the Dische orcinol reaction (4) in every case and occasionally 
also on a 0.1-ml. portion by the Dische cysteine-H.SO, reaction 
(5) employing sedoheptulosan as the reference standard. In the 
orcinol reaction the optical density showed a linear relationship 
with sedoheptulosan concentration over a range of 0.15 to 0.90 
umoles per ml. of a solution in 25 per cent ethanol. Pentose was 
measured according to Horecker (6) and phosphorus according to 
Chen et al. (7). Adenine was determined after its oxidation by 
xanthine oxidase to 2,8-dihydroxyadenine by the method of 
Klenow (8). The concentration of purine was computed from 
the optical density at 259 mu. (9). 

Control digests were of two types. One lacked enzyme and 
the other lacked substrate, and in both cases, buffer solution 
replaced the missing enzyme and substrate additions. No sedo- 
heptulose-reacting material was ever found in these control di- 
gests which were routinely included in every experiment. Di- 
gests containing adenosine register a very slight reading which is 
used to correct the values of the test digests. 

Significance of Analytical Figures for Sedoheptulose—As will be 
evident in the next section, the product of incubation of nucleo- 
side is SP,! no free sedoheptulose being detected. The conditions 
of the Dische orcinol reaction can be expected to hydrolyze this 
sugar phosphate completely. Accordingly, the figures obtained 
for sedoheptulose are equivalent to SP. Reference in tables and 
charts of this paper is made therefore only to SP, since this is the 
product formed in the digests. 


RESULTS 


Isolation of SP and Its Conversion to Crystalline Sedoheptulosan 
—The principles employed for the isolation and identification 
were first the preparation and purification of the barium salt of 
SP, then enzymic hydrolysis of the sodium salt, followed by its 
conversion to sedoheptulosan. Formulas illustrate the signifi- 


1 The abbreviation used is: SP, sedoheptulose monophosphate. 
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The time of incubation at 37° was 4 hours in © 


These longer incubations were done in the presence of | 
0.05 ml. of toluene as the preservative. After the period of in- | 
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Sedoheptulose 

monophosphate Sedoheptulose 
CH.OH CH.OH 

HO—C—H HO—C—H 
H—C—OH Pho=phatase H—C—OH 
H—C—OH 
H—C—OH 


0.5 HCl 
at 100° 


w 


Sedoheptulosan 
CH.OH 
| 
HO—C-—H 
| 
H—C—OH 
| 
H—C—OH 
| 
H—c—o-—— 
| 


Fic. 1. Réactions occurring during experiment on isolation and 
identification of product from nucleoside-liver digest. 


cant reactions of this experiment in Fig. 1. <A digest containing 
500 ml. of 0.035 m adenosine and 500 ml. of phosphate buffer, pH 
6.7, (0.1 M) was incubated with 250 ml. of rat liver supernatant 
for 24 hours at 37°. After the incubation the digest was boiled 
and the precipitated protein removed by centrifugation. To the 
clear solution ethanol was added to 50 per cent concentration to 
remove additional protein and the filtrate was passed repeatedly 
through an Amberlite IR-120 column (5 X 50 cm.) to convert all 
the salts to free acids. The free acids were adsorbed on a Duo- 
lite A-4 anionic column (5 X 50 cm.) and the column was washed 
with water to remove the neutral substances. The adsorbed 
acids were eluted by extracting the anionic resin with dilute 
NaOH solution. The alkaline extract was neutralized with di- 
lute H.SO, solution and passed through Amberlite IR-120 to con- 
vert the Na salts back to free acids. Finally, Ba salts were 
formed by the addition of barium acetate. The insoluble barium 
sulfate and phosphate were removed and the soluble sugar phos- 
phates purified by fractionation with acetone. Upon the addi- 
tion of acetone to a final concentration of 25, 50, and 75 per cent, 
various amounts of the barium salts precipitated. The precipi- 
tate obtained in 25 per cent acetone solution contained very little 
SP and was discarded. The precipitates collected between 50 to 
75 per cent acetone concentration containing the major portion of 
SP were combined, dissolved in a small volume of water, and con- 
verted to the sodium salt by passing the solution through Amber- 
lite and by neutralizing the filtrate with dilute NaOH solution. 
A portion of the sodium salts was hydrolyzed by incubation with 
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TABLE 
Paper chromatography of sedoheptulose and sedoheptulosan 
The solvent systems and periods of chromatography were re- 
spectively: 1, ethyl acetate-pyvridine-water, (2:1:2), 18 hours; 
2, Butanol-pyridine-water, (6:4:3), 42 hours; and 3, methyl Cel- 
losolve-pyridine-glacial acetic acid-water, (8:4:1:1), 18 hours. 


Migration in centimeters 


Solvent 


| 15.4 15.3 
2 23.4 22.8 
3 | me 23.7 | 23.9 23.9 
O.4- ORCINOL R. 
O3r 
A-SVP 
in 0-|B-UP 
1C-SA CYSTEINE- 
H5SQ, 
0.37 
O2- 
-B 
O | | | | 
WAVELENGTH 


Fic. 2. Absorption spectra? of standard and test samples of sedo- 
heptulose monophosphate (SMP) and sedoheptulosan monohy- 
drate (SA). UA denotes unknown anhydride and UP, unknown 
phosphate. 


dialyzed potato phosphatase (‘‘polidase’’) at 37°. Evidence of 
hydrolysis was obtained after only a few hours but because of the 
high salt concentration in the digest, it was necessary to incubate 
for 3 days to obtain complete hydrolysis. The free sugars thus 
obtained were purified by passing the hydrolysate through Am- 
berlite and Duolite resins. The solution of the free sugars was 
concentrated and chromatographed on paper in three solvents 
along with standard sedoheptulose freshly prepared by the acid 
hydrolysis of sedoheptulosan (10). The paper chromatograms 
were developed by the orcinol reagent (11) which is specific for 
heptoses and the single spot found was identified as sedoheptu- 
lose (Table I). Moreover, the absorption spectrum of the free 
sugar in the orcinol and cysteine-H.SO, reactions confirmed the 
identification as sedoheptulose (Fig. 2). 

The sedoheptulose obtained above was converted to sedohep- 
tulosan by heating the solution of free sugars with 0.5 n HCl at 
100° for 1 hour (10). The chloride ions were removed by pre- 
cipitation with Ag.O and the neutral solution evaporated to dry- 
ness under reduced pressure. The dry material was redissolved 


2 We are sincerely grateful to the Albert and Mary Lasker Foun- 
dation for making available to us the use of a Beckman DK-1 
automatic recording spectrophotometer. 
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TABLE II 
Formation of sedoheptulose monophosphate from adenosine 
by cell-free extracts of various rat tissues 
Values are given as wmoles formed per gm. of dry weight. 
(Phosphate concentration = 0.04 Mm.) 


Sedoheptulose Monophosphate from Nucleoside 


Tissue Rat 1 Rat 2 Rat 3 
Hemolysate........ 74.0 80.0 86.0 
273.0 206 .0 632.0 
674.0 558 .0 413.0 
933 .0 | 813.0 732.0 
687 .0 770.0 606 .0 
1316.0 1665.0 1690.0 
935.0 693.0 1061.0 

TABLE III 


Sedoheptulose monophosphate production from 
nucleoside by rat tissues 
Data expressed as umoles formed per gm. of dry weight of the 
tissue supernatant per hour; phosphate concentration, 0.004 M. 


Nucleosides ae Brain | Heart iKidney Liver | Lung | Spleen 
Adenosine........ 5.0 | 60.8 148.0) 244.0) 152.0) 230.0) 555.0 
15.8 | 30.5 148.2) 95.5) 113.0) 105.0; 98.7 
Guanosine....... 41.0 222.0) 167.0; 227.0, 400.0) 148.0; 146.0 
Xanthosine...... 0.0 23.0) 98.7) 18.6; 37.6 92.0); 47.5 
0.0 19.1, 100.5) 41.3) 27.5) 62.5 6.9 

= 

3 

O 

= OL 


| | | 
O 
GO 1 
PH 
Fic. 3. Sedoheptulose (SMP) formation as a function of pH. 
Conditions used were those described in the text. 


in a small volume of water, centrifuged to remove insoluble im- 
purities, and ethanol was added to 50 per cent concentration. 
The solution was seeded and allowed to stand at 10° for a few 
days until most of the sedoheptulosan crystallized. The crystals 
were removed, washed with cold 50 per cent ethanol and recrys- 
tallized by the same procedure. The isolated product (5 mg.) 
gave a melting point of 98—-100° which was the same as authentic 
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sedoheptulosan monohydrate when measured alone or as a mix- | 


ture with the standard sedoheptulosan sample. 


The product and the reference sedoheptulosan were subjected | 
to descending paper chromatography in three different sets of | 
solvents and heptose sugars located with the orcinol reaction | 
Other aliquots of the product and the reference com- * 
pound, sedoheptulosan, were examined for their absorption spec- | 


(Table I). 


tra in the orcinol and cysteine-sulfuric reactions (Fig. 2). 


The sedoheptulose phosphate was considered to be SP with a | 
probable location of the phosphate group on C-7 for the following ; 
A test for sedoheptulose 1 ,7-diphosphate is its ready | 
cleavage by crystalline muscle aldolase (12, 13). A preparation of | 


reasons. 


this enzyme which was fully active when tested on fructose 1 ,6- 
diphosphate failed to cleave a sample of the sedoheptulose phos- 
phate obtained in purified form just before phosphatase hydroly- 
sis. Accordingly, the phosphate radical occupies either position 
1 or 7. Inasmuch as C-1 sedoheptulose phosphate has never 


been detected, it is justifiable to suggest a C-7 position for the | 


phosphate group in SP. 


Tissue Sources of SP-forming System—In Table II is given the | 
activity of a number of rat tissues with regard to SP formation | ; 


from adenosine. The richest sources can be arranged in the fol- 


lowing order: lung, spleen, kidney, liver, heart, brain, and red cell , 
In other experiments, it was observed that about © 
the same amount of SP is produced by a given volume of homogen- | 
ate and by the supernatant solution separated from this amount | ; 
It may be surmised, therefore, that the enzyme | 


hemolysate. 


of homogenate. 
existed in solution in the tissue supernatant and was not ad- 
sorbed onto tissue particles. 


Formation of SP from Various Nucleosides—Purine and py- 
rimidine nucleosides were tested as substrates for SP production — 
Table III gives the values of SP formed — 


in various rat tissues. 


yxMOLES SMP 


-. 


| 
O02 O06 M 
PHOSPHATE 


Fig. 4. Sedoheptulose (SMP) formation as a function of phos- | 


phate concentration. The test mixture contained 0.5 ml. (5.0 mg.) 
of adenosine solution, 0.5 ml. of inorganic phosphate solution, and 
0.25 ml. of enzyme. The digest was incubated for 24 hours 
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mix- | from each nucleoside in the presence of 0.004 m phosphate solu- 
tion. Adenosine was the best substrate in comparison to all the 

cted | other nucleosides tested in spleen, lung, and kidney, while guano- + 7 
sal of | sine was better than others in liver, brain, and hemolysate. Ino- 
tion | ine generally exhibited a lower formation of SP than adenosine. 3 
om- | Among the pyrimidines only uridine served as a substrate though , 
pec- | to much less a degree than the purine nucleosides. Cytidine =: er 

and thymidine were totally inactive, as were deoxynucleosides <4. 
th 4} (data not shown). QO. 
ving; Effect of Hydrogen Ion Concentration—SP formation was gov- = 1} 
ady erned by pH as seen in Fig. 3. The pH range of optimal activity WY 
n of | yas 6.8 to 7.0. In this experiment the phosphate concentration - 
1,6- | was 0.04 = 
hos- | Effect of Phosphate Concentration—Fig. 4 illustrates the rela- AO re ae 
oly- } tion between the conversion of nucleoside to SP and phosphate 9 IO 15 20% 
tion | concentration. This conversion was dependent on phosphate LIVER SUPERNATANT 
ver | concentration up to 0.02 m after which it was inhibited by in- Fic. 6. Effect of enzyme concentration on sedoheptulose (SMP) 


formation. The digests contained 0.5 ml. of 0.017 m adenosine 


creased amounts of phosphate. 
. solution, 0.5 ml. of inorganic phosphate, and 0.25 ml. of liver su- 


Influence of Substrate Concentration—The production of SP 


the from adenosine is a function of substrate concentration. Fig. 5 
Lion illustrates this phenomenon in the presence of different concen- > 
fol- ' trations of inorganic phosphate. Maximal velocity was attained | : ’ 
cell { at substrate concentrations as low as 3.4 X 10-3 M and as high as of EXP | | 
out xX m depending on the phosphate concentration. In- 
eN- | hibition of the reaction by excess substrate was observed except = 2t Ps | 
unt | in the presence of 0.08 m phosphate solution. This could be oa / 
‘me } overcome by increasing the concentration of phosphate. = - 
ad- | Enzyme Concentration—The amount of enzyme preparation in | 
_the digest markedly influenced the rate of SP production in a mA Pee 
py- linear fashion until the amount of liver supernatant exceeded 10 Out® 
101 _~per cent concentration (Fig. 6). At 0.04 m phosphate concen- 
1ed tration there is inhibition by concentration of enzyme higher than 


Fic. 7. Time course of sedoheptulose (SMP) formation by rat 


15 per cent in contrast to no inhibition in the presence of 0.004 m 
phosphate. 

Time Course of Sedoheptulose Synthesis—For this experiment the 
digest contained 0.5 ml. of 0.0175 m adenosine, 0.5 ml. of 0.01 m 
phosphate buffer, and 0.25 ml. of enzyme. Quantitative analy- 
_ ses were carried out for pentose and inorganic phosphorus utiliza- 
_ tion and for SP formation and the disappearance of total purine. 


liver supernatant. O——O, pentose utilization, O——O, phos- 
phorus uptake, and @——@, SMP production. 


pentose. Free adenine liberated was estimated to be about the 
same quantity as SP formed. The amount of this adenine was 
less than the total purine metabolized (data not shown). 

Effects of Organic Acids, Metals, Aldehydes, Ketones, and Sugars 


It is seen from Fig. 7 that there was an increased formation of 


- singsigeas —Table IV shows a nearly complete inhibition of SP formation 
SP compared to the utilization of either inorganic P or total i et Meng . 


by dihydroxyacetone, glyceraldehyde, copper sulfate, mercuric 
chloride, oxalosuccinate, and dihydroxyfumarie acid. The di- 
carboxylic acids were also inhibitory at 0.02 m concentration. 
Sugars and aldehydes did not inhibit appreciably. Oxaloacetic 
acid has no effect. 

Inhibitory Effect of Deoxynucleosides on SP Formation—De- 
oxyadenosine, deoxycytidine, deoxyguanosine, and deoxyuridine 
were studied for their action on SP formation from adenosine, 
guanosine, inosine, uridine, and xanthosine. Both purine and 
pyrimidine deoxynucleosides caused a marked reduction of sedo- 
heptulose formation from different nucleosides, as indicated in 
Table V. 


O 0005 M 
ADENOSINE 


Fig. 5. Effect of adenosine concentration on sedoheptulose 

»s- | (SMP) formation from liver at different levels of inorganic phos- 

r.) phate. Curve 1, at 0.004 m; Curve 2, at 0.008 m; Curve 3, at 0.016 

nd § M; Curve 4, at 0.04 m; and Curve 5, at 0.08 m inorganic phosphate 
concentration. 


There is no doubt that SP was produced in a digest containing 
fresh liver supernatant and adenosine in phosphate buffer at pH 
7.0. Thus, after enzymic hydrolysis of the phosphate esters, the 
free sugar was isolated and was converted to the crystalline an- 
hydride (sedoheptulosan monohydrate). Its properties (melt- 
ing point, rate of migration on paper, absorption spectrum 
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TABLE IV 


Inhibitors of sedoheptulose monophosphate 
formation from adenosine 
The incubation mixture contained 0.5 ml. of 0.07 mM adenosine, 
1 ml. of 0.1 M phosphate buffer, pH 6.7, 0.5 ml. of supernatant of 
10 per cent liver homogenate, and 0.5 ml. of inhibitor solution to 
give the final concentration indicated below. Companion digests 
lacked inhibitor. 


Substance | Inhibitor SP formed Inhibition 
| M pmoles/18 hrs % 
Experiment 1 | 
0.02 | 4.0 41.5 
Experiment 2 | 
Dihydroxyacetone............) 0.005 0.54 83.0 
Glyceraldehyde.......... 0.005 0.38 99.3 
Copper sulfate............... 0.020 0.08 99.5 
0.020 0.15 99.3 
Mercuric chloride............ 0.020 0.00 100.0 
Sodium cyanide.............. 0.020 0.03 99.6 
K-xperiment 3 
Dihydroxyfumarie acid....... 0.01 1.05 90.0 
Iixperiment 4 
0.02 3.58 27 
Oxaloacetic acid............. 0.005 5.02 0 
Oxalosucemate............... 0.005 0.64 86.2 
I-xperiment 5 | 
i oe 42.6 
Bodiam Guotide.............. | 0.02 5.34 4.1 
(0.02 3.69 33.6 
TABLE V 
Percentage inhibition of sedoheptulose monophosphate 
formation from nucleosides by deozynucleosides 
Deoxy- Deoxy- Deoxy- Deoxy- 
adenosine cytidine guanosine uridine 


Adenosine........... 98.7 64.8 | 63.6 44.0 
Guanosine........... 70.0 40.7 | 86.4 26.3 
77.7 83.8 | 87.0 61.6 
100.0 91.1 | 97.0 36.7 
86.7 68.8 | 78.6 57.4 


The incubation mixture contained 0.5 ml. of 0.07 mM adenosine 
or other nucleoside, 1.0 ml. of 0.1 M phosphate buffer, pH 6.7, 0.5 
ml. of supernatant of 10 per cent liver homogenate and 0.5 ml. of 
inhibitor solution to give a final concentration of 0.014 Mm. Com- 
panion digests lacked inhibitor. From the figures for SP produc- 
tion in the presence and absence of inhibitor, the percentage in- 
hibition was computed. 


(300-700 my) of the color reactions) matched those of sedohep- 
tulosan monohydrate. 


The extent of conversion of nucleoside to SP was substantia! 
and the system accomplishing this conversion is widespread ip 
rat tissues. Thus, with adenosine as a substrate, the lung wa 
the most active tissue followed by spleen, kidney, and liver 
Activity of hemolysate was low. Muscle was the only tissy 
which has practically no activity. 

This reaction shows an interesting substrate specificity. Thus, 
purine nucleosides as a group were superior to the pyrimidine 
nucleosides, uridine being the only pyrimidine nucleoside whic} 
served as a substrate. Among the purine nucleosides, inosine 
was found to be inferior to adenosine in most rat organs except 
in hemolysate and in heart, where both had the same activity. 
This finding would not suggest an obligatory deamination 6 
adenosine as a necessary step in the transformation of nucleoside 
to SP. Guanosine was superior to adenosine only in liver, kid. 
ney, and brain. Xanthosine showed considerable conversion 
only during long incubation in the presence of high phosphate 
concentration. These results would suggest the presence of ¢ 
specific phosphorylase for each nucleoside, in case nucleoside 
phosphorylase is involved in the transformation of nucleoside te 
SP. Both pyrimidine and purine deoxynucleosides were not 
substrates in the present system. 

The formation of SP by rat liver supernatant was a function 0! 
pH, nucleoside concentration, inorganic phosphate, and _ the 
amount of liver supernatant. High concentration of phosphate 
was inhibitory to SP formation, whereas low phosphate was fa- 
vorable to this transformation during the early period of incuba- 
tion. It is interesting that a variety of inhibitors were very 
effective in inhibiting this system, such as heavy metals, cyanide, 
iodoacetate, glyceraldehyde, and dihydroxyacetone. Oxalosue- 
cinate was a strong inhibitor while oxaloacetate was not. Ribose 
had a greater inhibitory effect than xylose. Glutamic and lactic 
acids also partially inhibited this reaction. 

Deoxynucleosides generally blocked the formation of SP from 


nucleoside, irrespective of the nature of their base. Moreover, 


they did exhibit a specificity between substrate and the inhibiting 
deoxynucleosides. Thus, deoxyadenosine showed a 98.7 per cent 
inhibition for adenosine, while exhibiting a lesser effect on guano- 
sine, inosine, and xanthosine. Similarly, deoxyguanosine inhib- 
ited the utilization of guanosine to a greater extent than it did 
the utilization of adenosine, inosine, and xanthosine. However. 
this does not apply to deoxyuridine and uridine. 

It is possible to outline a route of conversion of adenosine to 
SP on the basis of present knowledge of reactions taking place in 
the erythrocyte and in liver. Thus, blood hemolysate acts on 
adenosine to produce phosphate esters of triose, fructose, glucose, 
and pentose (14, 15). On the other hand, in liver, adenosine is 
deaminated to inosine (16) which undergoes phosphorolytie cleay- 
age by purine nucleoside phosphorylase to form pentose 1-phos- 
phate (17). After phosphoribomutase action, ribose 5-phosphate 
is formed. Finally, liver transketolase has the ability to trans- 
form ribose 5-phosphate to sedoheptulose 7-phosphate (19). In 
this latter reaction, 2 moles of pentose furnish 1 mole of sedo- 
heptulose. 

Some indication of the nature of the nucleoside-SP conversiou 
is gained from the study of the time course of the reaction. 
Thus, there is an equimolar utilization of pentose and inorganit 
phosphorus which is accompanied by the metabolism of a large 
amount of purine. Reliance is placed on these figures since the 
methods were not only carefully validated on standard solution: 
of ribose, phosphate, and adenosine, but were tested in a liver 
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ribose 5-phosphate incubation where the ratio of ribose utilized 
sedoheptulose formed was found to be as high as 3 to 1. The 
suggestion is warranted therefore that the known pathways of 
metabolism do not account satisfactorily for the ratios found in 
the conversion of adenosine toSP. The elucidation of the mech- 
anism of the nucleoside-SP conversion is the subject of current 


work. 
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SUMMARY 


A system is described for the formation of sedoheptulose mono- 
phosphate from adenosine by supernatant solution of rat liver 
homogenate. The product was identified as sedoheptulose phos- 
phate after sedoheptulose (as sedoheptulosan) was isolated fol- 
lowing hydrolysis with phosphatase. Its resistance to the ac- 
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tion of muscle aldolase strongly suggests a monophosphate ester 
probably at position 7. Its chemical and physical properties 
matched those of authentic sedoheptulosan monohydrate. The 
relative ability of rat tissues to accomplish this transformation is 
as follows: lung, spleen, kidney, liver, heart, brain, and blood he- 
molysates. Purine nucleosides were better substrates than the 
pyrimidine nucleosides. Optimal conditions of pH, concentra- 
tion of substrate, phosphate, and enzyme have been studied. 
Heavy metals, glyceraldehyde, dihydroxyacetone, iodoacetate, 
and deoxynucleosides are strong inhibitors of this system. 

Two striking features of the nucleoside-sedoheptulose mono- 
phosphate transformation were its phosphate dependence and 
the apparent utilization of only 1 pentose molecule for each mole- 
cule of sedoheptulose monophosphate formed. 
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Studies on Polynucleotides Synthesized by 
Polynucleotide Phosphorylase | 


IV. P®-LABELED RIBONUCLEIC ACID* ( 
PRISCILLA J. ORTIZ AND SEVERO OcHOA ; 
From the Department of Biochemistry, New York University College of Medicine, New York, New York we 


(Received for publication, October 23, 1958) 


The preparation of synthetic ribonucleic acid in which one of 
the nucleotide species is labeled with P*, makes possible studies 
on the distribution of the labeled nucleotide in the polynucleotide 
chain. Fig. 1 presents the structure of a polynucleotide in which 
labeled adenylic acid is randomly distributed. Hydrolysis of 
such a polymer with snake venom phosphodiesterase (Fig. 1A) 
will yield a mixture of nucleoside 5’-monophosphates of which 
only adenylic acid will be labeled and the specific radioactivity 
will be the same as that of the adenylic acid incorporated. On 
the other hand, hydrolysis with spleen phosphodiesterase (Fig. 
1B) will yield nucleoside 3’-monophosphates all of which will be 
labeled and, as nonlabeled adenosine 3’-monophosphate is also 
released, its specific radioactivity will be lower than that of the 
adenosine 5’-monophosphate incorporated. Hydrolysis with al- 
kali will give the same result except that the nucleotides will 
consist of the isomeric mixtures of nucleoside 2’- and 3’-mono- 
phosphates. If the polymer contains P*-labeled uridine 5’- 
monophosphate, or other labeled nucleotide, what has been said 
of adenylic acid will apply to this nucleotide. 

Two kinds of labeled ribonucleic acid have been used in the 
work reported in this paper. One (poly A*GUC)! was prepared 
with approximately equimolar amounts of P-labeled adenosine 
5’-diphosphate (adenosine-P*®-P*), and nonlabeled guanosine, 
uridine, and cytidine 5’-diphosphates. The other (poly AGU*C) 
was prepared in the same way but with P-labeled uridine 5’- 
diphosphate (uridine-P*-P) and nonlabeled adenosine, guanosine, 
and cytidine 5’-diphosphates. Isolation of the products of hy- 
drolysis of these polymers with spleen phosphodiesterase (or al- 
kali) and determination of their amount and radioactivity has 
shown that adenylic and uridylic acids are extensively linked to 
each of the other three nucleotide species. The results suggest 
a random distribution of the labeled nucleotide units in the poly- 
nucleotide chains. They do not indicate, however, whether link- 


ing between all four nucleotide species occurs within a single — 


* Aided by grants from the National Institute of Arthritis and 
Metabolic Diseases (Grant A-1845), United States Public Health 
Service; The Rockefeller Foundation; and by a contract (Nonr- 
285 (31), NR-120-490) between the Office of Naval Research and 
New York University College of Medicine. Part of the data in 
this paper was taken from a dissertation submitted by Priscilla J. 
Ortiz to the Graduate School of New York University in partial 
fulfilment of the requirements for the degree of Master of Science, 
January 22, 1958. A preceding paper in this series has been pre- 
sented (1). 

1 The abbreviations used are: poly A, polyadenylic acid; poly U, 
polyuridylic acid; and poly C, polyeytidylic acid. 


1208 


chain. This work, which amplifies and extends previous studies 
on the structure of polyribonucleotide synthesized by polynu- 
cleotide phosphorylase of Azotobacter vinelandii (2-4) has been 
the subject of a preliminary report (5). 


EXPERIMENTAL 


Some of the experimental procedures were the same as those 
described in previous publications (2, 4) and only brief reference! t 
to them will be made here. ( 


Preparations ¢ 


Nucleotides—ADP-labeled with P® in the two phosphate . 
groups was prepared from P-labeled ATP as previously described 
(4).2. Its specific radioactivity was 65,000 c.p.m. per ymole. I 
UDP labeled with P® in the stable phosphate group (uridine- 
P-P) was prepared synthetically from P*-labeled UMP by a 
method developed by Chambers.’ The specific radioactivity of 
the UDP was 36,500 ¢.p.m. per umole. The labeled UMP was 
synthesized by a modification of the method of Hall and Khorana 
(6). Nonlabeled ribonucleoside 5’-diphosphates as well as nu- 
cleoside 5’-monophosphates were obtained from the Sigma Chen- | 
ical Company and the Pabst Laboratories. Nucleoside 3’(2’)- 
monophosphates were obtained from the Schwarz Laboratories. —_p 

Synthetic Polynucleotides—The various polynucleotides were 
prepared with partially purified Azotobacter polynucleotide phos- | 
phosphorylase‘ as described in a previous publication (7). Be- 
sides poly A*GUC and poly AGU*C, P-labeled polyadenylic 
acid (poly A*) and P*-labeled polyuridylic acid (poly U*) were 
prepared for control experiments. The composition of the re-. 
action mixtures and other experimental details are given in Table | 
I. The reaction was followed in each case by the liberation of 
orthophosphate; when this had ceased, the polymers were precip- 
itated with cold absolute ethanol, dissolved in water, and, after 
one reprecipitation and redissolution in water, dialyzed exhaus- 
tively against several changes of distilled water to ensure removal 
of coprecipitated nucleoside diphosphates. The specific radio- 
activities of the labeled diphosphates and polymers are comaees P 
in Table I. 


2 We are indebted to Dr. M. Kunitz, Rockefeller Institute for 
Medical Research, for the crystalline ‘hexokinase used for con-— 
version of P®-labeled ATP to ADP. 

3R. W. Chambers, to be published. We are indebted to Dr. 
Chambers for help with this preparation. 

4 Our thanks are due to Dr. Sanae Mii, Mr. Morton C. Schnei- 
der, and Mr. Horace Lozina for the enzyme preparations. d 
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Enzymes—Purified snake venom phosphodiesterase, free from 
5’-nucleotidase (8), was kindly supplied by Dr. M. Laskowski, 
Department of Biochemistry, Marquette University School of 
Medicine, Milwaukee, Wisconsin. We are indebted to Dr. L. 
A. Heppel, and Dr. R. J. Hilmoe, National Institutes of Health, 
Bethesda, Maryland, for generous supplies of spleen phosphodi- 
esterase (9) which was further purified by an unpublished proce- 
dure of Dr. Hilmoe. 


Methods 


Hydrolysis of Polynucleotides—The reaction mixture for hydrol- 
ysis with snake venom phosphodiesterase consisted of 13.7 umoles 
of polymer; 260 umoles of glycine buffer, pH 9.3; 26 umoles of 
MgCl; and 1.1 unit (8) of enzyme, in a total volume of 1.62 ml.; 
it was incubated for 7 hours at 37°. The reaction mixture for 
hydrolysis with spleen phosphodiesterase contained 18 ymoles of 
polymer, 2.2 wmoles of succinate buffer, pH 6.6, and 3.3 units (9) 
of spleen phosphodiesterase in a final volume of 1.68 ml].; it was 
incubated for 4 hours at 37°. After incubation protein was de- 
natured by heating at 100° for 1 minute and removed by cen- 
trifugation. Alkaline hydrolysis was carried out in 0.32 m KOH. 
After 18 hours at 37°, the solution was neutralized with perchloric 
acid and the insoluble potassium perchlorate removed by cen- 
trifugation. The supernatant solutions were used for separation 
of the nucleotides. 

Separation of Nucleotides—Klectrophoretic separation of nu- 
cleotides was carried out as previously described (2) but on 56 
xX 14-cm. strips of Whatman No. 3 MM paper. Nucleotides 
were located on ionograms and chromatograms by ultraviolet 
photography. The radioactivity was located by autoradiogra- 
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Fic. 1. Scheme of hydrolysis of poly A*GUC by snake venom 
(A) or spleen (B) phosphodiesterase. The bonds hydrolyzed are 
indicated by dashed lines. The asterisk denotes P*® labeling. 
Ad, Gu, Ur, and Cy represent adenine, guanine, uracil, and cyti- 
dine, respectively. 
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TABLE | 
Synthesis of P**-labeled polynucleotides 

The specific activity (7) of the polynucleotide phosphorylase 
used for the synthesis of poly A*GUC and poly A* was 50; for that 
of poly AGU*C and poly U*, 75. Amounts are given in umoles 
if not otherwise indicated; in the case of the nucleoside diphos- 
phates, they are corrected for impurities of mono- and triphos- 
phates present. 


Polynucleotide synthesized 
Components and 
conditions 
Poly A*GUC Poly A* Poly AGU*C Poly U* 

Trist buffer, pH 

S35. ..........: 270.0 1050.0 75.0 
60.0 18.0 70.0 5.0 
Versene......... 3.0 0.9 2.0 0.5 
GDP 74.4 55.0 
UDP 74.4 55.0 26.4 
Knzyme protein. 5.6 mg. 0.3 mg. 2.2 mg 0.04 mg. 
Volume of reac- 

tion mixture... 6.0 ml. 1.8 ml. 7.0 ml. | 0.5 ml. 
Incubation (30°)., 72 hrs. 6 hrs. 45 hrs. 3 hrs. 
115 32 SO 7 
SA of polymer... 8390 39500 7000 36000 
SA of AMP*? in- 

corporated..... 32500 32500 
SA of in- 

corporated..... 36500 36500 

+ Tris = tris(hydroxymethyl)aminomethane; SA, specific ra- 


dioactivity in ¢.p.m. per umole of nucleotide. 

t This value is abnormally high; unfortunately there is only 
this one measurement available as all the polymer had been used 
when this was realized. 


TABLE II 


Base ratios 


Base | Poly A*GUC Poly AGU*C Azotobacter RNA 
Adenine..... 1.00 1.00 1.00 
. 1.16 1.25 1.30 
Uracil...... 0.66 | 0.69 0.73 
Cytosine..... 0.72 | 0.73 


0.90 


phy. Separation by ion exchange chromatography was carried 
out, essentially according to Cohn (10) with Dowex 1 (200 to 400 
mesh)-formate columns (2.5 e¢m.). 

Other Methods—For radioactivity measurements aliquots were 
counted, either directly as liquid samples or after drying, with 
use of a thin window Geiger-Mueller counter. No corrections 
were applied for self-absorption since sample and planchette size 
were held constant in all cases. All values were corrected for 
decay. Specific radioactivities are expressed in ¢.p.m. per wmole 
of nucleotide based on absorption of light at wave length 260 muy. 
The molar extinction coefficients of the corresponding nucleotides 
were used in calculating the concentration of poly A, poly U, and 
poly C. For poly AGUC, use was made of an average value 
based on the extinction coefficients of the four compone.* nucleo- 
tides and their molar ratios in the polymer as determined by base 
analysis. Corrections were made for the decreased absorbance 
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Fig. 2. Hydrolysis of poly AGU*C with snake venom (1) or spleen (B) phosphodiesterase. Separation of nucleotides by paper 


electrophoresis. 
radiogram of the hydrolysis mixture. 


A. First four tracks, markers of authentic AMP, GMP, UMP, and CMP; fifth and sixth tracks, ionogram and auto- 
B. First four tracks, markers of 3'(2")-AMP, GMP, 3/(2)-UMP, and 3'(2)-CMP; fifth 


and sixth tracks, ionogram and autoradiogram of the hydrolysis mixture. 


esulting from polymerization with use of published (1) or unpub- 
ished data of R. C. Warner. These corrections were of the order 
of 30, 5, 25, and 25 per cent for poly A, poly U, poly C, and poly 
AGUC, respectively. 

Base analyses (11) were carried out on perchloric acid hydroly- 
sates of the lyophilized polymers, the purine and pyrimidine bases 
being separated by paper chromatography in the isopropanol 
HC! solvent system (12). 


RESULTS AND DISCUSSLON 


Base Composition of Synthetic RN A—The results of typical 
base analysis of poly A*GUC, poly AGU*C, and RNA isolated 
from A. vinelandii’ are shown in Table Il. The base composition 
of the two synthetic polynucleotides was similar to that of the 
natural Azotobacter RNA. 

Distribution of Labeled Nucleotides—After hydrolysis of poly 


5 We are indebted to Dr. R. M.S. Smellie for this preparation. 


A*GUC or poly AGU*C with venom diesterase the only labeled 
nucleotides released were AMP or UMP, respectively, whereas 
after hydrolysis with spleen enzyme (or alkali) each of the four 
nucleoside 3’-(or 3’ plus 2!) monophosphates was labeled. Tyvp- 
ical results with poly AGU*C are shown in Fig. 2 and Fig. 3B. 
Control experiments with mixtures of poly A*, poly U, and poly 
C, or of poly A, poly U*, and poly C, showed that, on hydrolysis 
with alkali the only labeled nucleotide species liberated were 2’- 
and 3’-adenylic acids and 2’- and 3’-uridvlic acids, respectively 
(Fig. 834). The polymer mixtures were rather resistant to hyv- 
drolysis with spleen phosphodiesterase. This resistance may be 
‘caused by the formation of multistranded polynucleotide chains 
(1) since, as previously shown (13), formation of such aggregates 
confers considerable resistance to cleavage by polynucleotide 
phosphorylase. The experiments with mixtures of single poly- 
mers, of which only one is labeled with P®, demonstrate that the 
multiple labeling of the nucleotides released by hydrolysis of 
poly A*GUC or poly AGU*C with spleen phosphodiesterase or 
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hig. 34. Alkaline hydrolysis of a mixture of P*-labeled poly U with unlabeled poly A and poly C. 


AGU*FC, 


Separation of nucleotides by paper electrophoresis. 


alkali is not an artifact and truly reflects the occurrence of link- 
ing between the various nucleotide species in the polynucleotide 
chains. 

After hydrolysis of poly A*GUC and poly AGU*C with spleen 
phosphodiesterase or alkali, the specific radioactivity of the vari- 
ous nucleotides from cach polymer was about the same and of the 
same order of magnitude as that of the unhydrolyzed) polymer 
(Table T1]). These results suggest that the AMP and UMP 
were randomly distributed in the polynucleotide chains, 

As further shown in Table II], the specific radioactivity of the 
AMP liberated by snake venom phosphodiesterase was 26,500 
«p.m. per umole as contrasted with 8,390 for the unhydrolyzed 
polymer. The value of 26.500 (average of two closely agreeing 
measurements performed at different times) is somewhat low 
since the specifie radioactivity of AMP liberated by venom di- 
esterase should be the same as that of the AMP incorporated, 
i.e. 32,500 (see Table 1) and, from the base ratios of Table IT, 
3.54 times higher than the specific radioactivity of poly A*GUC, 
or about 30,000. The specific radioactivity of the UMP released 
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RKERS poly AGUC 


3B. Alkaline hydrolysis of poly 
First four tracks of each figure are the indicated individual markers; 
last two tracks, the ionogram and autoradiogram of the hydrolysis mixture. 


Ill 


Specific radioactivity of nucleotides released by hydrolysis of 
P*® labeled RNA with snake venom phosphodiesterase, 
spleen phosphodiesterase, or alkali 


The values give the specific radioactivity in ¢.p.m. per umole 
of nucleotide. Separation of the nucleotides was carried out by 
ion exchange chromatography after hydrolysis with venom or 
spleen diesterase and by paper electrophoresis after hydrolysis 
with alkali. For comparison, the specifie radioactivity of the 
unhvdrolvzed RNA is shown in parentheses at the top of the 
column corresponding to each polymer. 


Poly A*GUC (8,390) | Poly AGU*C (7,000) 


Nucleotide 


Venom | Spleen | Venom | Spleen Alkali 
Adenylie acid... 26,500) 7,580 5,579 7,655 
CGauanvlie acid. QO 7,627 0 6,144 7,488 
Uridvlie acid... Q 7,592 39,800 6,522 7,011 
Cytidvlic acid... QO 5,677 7,311 


7,013 
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by hydrolysis with venom diesterase was 39,800 ¢.p.m. per 
umole, while that of the unhydrolyzed polymer was 7,000. The 
value of 39,800 is in reasonable agreement with the expected one 
since the specific radioactivity of the UMP liberated by venom 
diesterase should be the same as that of the UMP incorporated, 
2.e. 36,500 (see Table I) and, from the base ratios of Table IT, 
5.3 times higher than the specific radioactivity of poly AGU*C, 
or about 37,000. 


SUMMARY 


Ribonucleic acids containing radioactive phosphate either as 
adenosine 5’-monophosphate or uridine 5’-monophosphate  resi- 
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dues were synthesized with Azotobacter polynucleotide phos- 
phorylase from mixtures of P*-labeled adenosine 5’-diphosphate 
or uridine 5’-diphosphate with the other three unlabeled ribo. 
nucleoside diphosphates. Hydrolysis of these nucleic acids with 
snake venom phosphodiesterase vielded nucleoside 5’-monophos- 
phates of which only adenosine 5’-monophosphate or uridine 
5’-monophosphate, respectively, were labeled, whereas hydrolysis 
with spleen phosphodiesterase (or alkali) vielded nucleoside 3’- 
monophosphates (or the isomeric mixture of nucleoside 3’- and 
2’-monophosphates) all of which were labeled approximately to 
the same extent. The results suggest that the labeled nucleotides 
are randomly distributed throughout the polynucleotide chains, 
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ured by isolating the reaction product, adenine. 


The Properties of Adenosine Deaminase and Adenosine 
Nucleoside Phosphorylase in Extracts of 
Escherichia coli* 


ARTHUR L. KocH AND GERALD VALLEE 


From the Department of Biochemistry, College of Medicine, University of Florida, Gainesville, Florida 


(Received for publication, October 24, 1958) 


It has been known for a number of years that there are two 
principal processes whereby Escherichia coli acts on adenosine 
(1, 2): deamination to inosine and cleavage to adenine and sugar. 
Later work (3-7) indicated that the cleavage was phosphorolytic 
in nature, as had been shown by Kalckar (8) to be the case with 
a mammalian enzyme. 

In E. coli there appears to be a number of phosphorylases act- 
ing on purine ribonucleosides and a number acting on deoxy- 
ribonucleosides (6). These various activities may be differenti- 
ated by changes in the pH optima caused by adding various 
purine analogues. There is, however, no reason for assuming 
that common enzymes are involved in the cleavage of the ribose 
and deoxyribose series of nucleosides, although this may well be 
the case. On the other hand, it appears reasonable to assume 
that only one enzyme is involved in deaminating both adenosine 
and deoxyadenosine for the two substrates are cleaved at a 
comparable rate (6), and the purified mammalian enzyme (9) acts 


on both substrates. 


It was found (6, 7) that the amount of adenosine deaminase 
activity in individual extracts of bacteria is extremely variable. 
Some extracts were completely devoid of activity and others dis- 
played a great deal. In those extracts not containing deaminase, 
the adenosine nucleoside phosphorylase activity could be meas- 
This could not 
be done in the presence of deaminase activity because of the 
concomitant production of hypoxanthine and inosine. 

The present study was undertaken to investigate the occur- 
rence of deaminase and phosphorylase acting on deoxyadenosine. 
Extracts of FE. coli grown under a variety of conditions were ex- 
tracted in various ways. It is now possible to achieve the resolu- 
tion of deaminase and phosphorylase in crude extracts as well as 
to understand some of the factors leading to the biogenesis of 
both. 


EXPERIMENTAL 


Preparation of Cell-free Extracts—E. coli strain B, was grown 
With aeration at 37°. Media used were synthetic lactate (L 
medium) (10), mineral salts-glucose (M-9 medium) (11), and lac- 
tate supplemented with adenine, hypoxanthine, caffeine, and 
theophylline at 2.16 mm (12). In one experiment, the sulfate 


* Aided by a Grant C-3255 from the United States Public Health 
Service. A preliminary report of this work was presented at the 
meeting of the American Chemical Society’s 134th meeting, 
Chicago, Illinois, September 1958. 


was increased 100-fold with NaSO, and in another, 0.1 mg. per 
l. of MgSO, was the only added source of sulfate. 

Growth was followed by nephelometry with the use of the 
Spectronic “20” colorimeter at 400 mu. A standard curve, re- 
lating optical density to the protein nitrogen of cultures, was 
used. The protein nitrogen was determined with the Folin 
phenol method (13). The latter was standardized against Kjel- 
dahl determination of bacterial nitrogen. For a culture of bac- 
teria growing exponentially in M-9 medium, 1 mg. per ml. of 
protein corresponds to 6.7 X 10* viable bacteria per ml. 

The bacteria were harvested, washed, and ground as previously 
described (3, 6). The abrasives used were Alumina A-301, 
washed, powdered Pyrex, and HCl-treated washed sand. In all 
cases the amount used was twice the wet weight of the cells. 
The extracting fluid was 0.01 m Tris' buffer at pH 7.5. Phos- 
phate or pyrophosphate at the same pH and molarity were used 
alternatively. The ratio of extracting solution to original wet 
weight of cells was 5. The extracts were clarified by centrifuga- 
tion for 30 minutes at 30,000 x g in the Servall centrifuge. All 
operations were carried out in the cold. 

Adenosine Deaminase Activity—Kalckar’s differential spectro- 
scopic method (14) was modified by balancing a spectrophotom- 
eter against solutions of optical density such that readings would 
be obtained in the more accurate range of the instrument. This 
permitted direct analysis of the reaction at higher substrate con- 
centrations than would have otherwise been possible. This 
modification was made possible by the availability of a photo- 
multiplier attachment for the Beckman DU spectrophotometer. 
At pH 7.5 the change in optical density of a solution containing 
1 mm deoxyadenosine upon conversion to deoxyinosine is 7.7 at 
265 mu and is 7.0 at 260 mu. The same change in optical density 
was also used for adenosine and adenosine 3’-phosphate. The 
following assay system was employed. One ml. of 0.01 m buffer, 
80 ug. of deoxyadenosine, and the bacterial extract were combined 
in a final volume of 3.2 ml. The optical density changes were 
followed at either 260 my or 265 my. One unit of enzyme 
activity is defined as the amount of enzyme that will convert 1 
umole of deoxyadenosine to deoxyinosine per hour in the above 
system when the buffer is 0.01 m Tris at pH 7.5 and at room 
temperature of 25-27°. The temperature coefficient of the re- 
action is quite small, as indicated below, so that precise tempera- 
ture control is not required. 

1The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 
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TABLE I 


Occurrence of adenosine deaminase and adenosine 
phosphorylase in extracts of E. coli 


Enzymes from E. coli Acting on Deoxyadenosine 


| 
| | 


| | Aden- 
Preps: | Bec, caine, | 
No. | protein | extract | -acted| nase =. 
moies 
| my./ml. | mg. | reacted) units) 
| 4 
hr. protein 
Glucose medium........ 0 2.87 
15 | 1.16 | 23 28.5 | 2.15 | 3.70 
Lactate medium........ 9 | .63 ! 14.8 | 15.5 | 2.08*| 3.30 
10 | .75)1 9.5 | 2.08 3.51 
Extracting fluids | 
12A 18.6) 9.4 | 2.93 1.63 
12B | .89; 4.2] 2.0] 2.0 | 4.16 
Phosphate............ 12C | 18.8 9.5 | 1.79 | 1.95 
Pyrophosphate........ 12D | | 9.0) 1.10 | 1.67 
Grinding agents | 
13A 19.2 | 10 2.42 | 3.34 
1I3B | 7.2] 3.7 | 1.51 | 2.91 
13C 5.2; 2.8 | 1.49 | 4.12 
Phase of growth 
144A 25 | 18.8 | 16.1 | 1.55 | 1.59 
14B 75 | 20.8 | 17.8 | 2.32 | 1.50 
 , OCTET 14C | 1.25 | 15.6 | 12.1 | 1.34 | 2.83 
Sulfate concentration in 
growth medium | 
20) .63 | 10.2 | 9.7} 3.15 | 3.22 
21 .62 | 10.2; 9.2) 5.00 | 2.83 
EDTA?T in extracting 
17 60, 12.8 9.4 1.50 | 3.67 
Purines in growth me- 
dium 
.75 | 24.7 | 21.8 | 13.5 | 2.26 
16 .82 | 17.0 | 12.4 | 20.1 | 3.52 
Hypoxanthine.......... 15A .77 | 10.8 | 12.6 | 11.1 | 2.88 
Theophylline........... 18 .43 | 13.6 | 12.9 | 2.15 | 3.29 
19 .75 | 18.4 | 15.5 | 4.31 | 4.02 


* Observed value, 1.69, at an initial substrate concentration of 
50 um. The value given has been calculated to an initial concen- 
tration of 110 um to make it comparable with the other values 
given. In carrying out this correction, AK, was assumed to be 
30 uM. 

t This enzyme extract was prepared by regrinding and re-ex- 
tracting the alumina-bacteria sediment of Tris 12A with a fresh 
portion of this buffer. 

t Ethvlenediaminetetraacetate. 


Nucleoside Phosphorylase—As we have already noted, the pres- 
ence of deaminase can seriously affect the assay of phosphorylase 
in methods which depend on the isolation of adenine. The 
presence of deaminase would also invalidate differential spectro- 
scopic methods. 

Methods that depend on the production of reducing sugar 
should be independent of the deaminase if both deoxyadenosine 
and deoxyinosine are good substrates for the enzyme. The Nel- 
son (15) arsenomolybdate method is complicated because of the 
interference of deoxyadenosine with color development (4, 6). 
In effect, the assay is rendered more sensitive when deoxyadeno- 
sine is the substrate than when some other nucleoside which does 
not influence color development is employed, because the enzyme 


produces not only reducing sugar but also removes the chromo. 
phore inhibitor, deoxyadenosine. 
In this work we have used a micro modification of Nelson’s 


method. A 0.2-ml. sample and 0.2 ml. of combined copper 
reagent (15) are heated in a boiling water bath for 80 minutes, — 


After cooling has taken place, 0.2 ml. of arsenomolybdate is 
added, and 10 minutes later the sample is diluted to 4.0 ml. and 
read at 640 my in a spectrophotometer. It is important to keep 
the sample and reagents in the original proportions during re- 


duction of the copper and during chromophore development, but 


after the chromophore has been formed it may be diluted since 
it obeys Beer’s law and is stable indefinitely. Under these condi- 
tions, the blank value is markedly reduced and is less variable 
than if standard amounts (10 times more) of the reagents are 
used. ‘Twenty minutes is enough for complete reduction of the 
copper with glucose but, as observed by Manson and Lampen 
(16), a much longer time is required for maximal yield from 
deoxyribose. 

The following components were mixed for the assay system 
employed: 0.1 ml. of deoxyadenosine (10 mg. per ml.), 0.1 ml. 
of 0.2 m, pH 5.0 arsenate buffer, enzyme preparation, and water 
to a final volume of 0.5 ml. The reaction mixture was incubated 
for 30 minutes at 37°. A 0.2-ml. sample was used directly in 
the reducing sugar method described above. There was, how- 
ever, no deproteinization step. Zero time samples were run 
whenever necessary. 
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The contribution of the enzyme extract | 


itself to the observed color was in no case more than one sixth | 
the color produced by enzymatic action in the 30-minute in- | 


cubation period. 


With the use of this assay system, approximate linearity is | 


achieved between the increment of optical density and the 
amount of enzyme used (see below). We have, therefore, arbi- 
trarily defined a unit of activity for this enzyme as that amount 


of enzme that gives rise to an increment of optical density of 1.0 | 


in 30 minutes. 
RESULTS AND DISCUSSION 


Occurrence and Extraction of Enzymes 


Table I shows the results of the determination of the two en- 
zyme activities present in extracts prepared in various ways from 
bacteria grown under a variety of conditions. Of the different 
abrasives tried, alumina gives by far the greatest percentage of 
protein extracted and also the greatest yield of both enzymes, 
although the specific activity of extracts obtained with the other 
two agents is not greatly different. These findings suggest that 
the abrasives differ in their ability to disrupt the cell wall, but do 


not differentially influence the appearance of these two enzyme | 


activities in the extract. 


The percentage of extracted protein varies from 9 to 28 in © 


various experiments in which alumina is used as the abrasive. 
This range would be 9 to 22 per cent if we considered only cells 
grown on lactate medium. ‘This variation reflects variation in 
the grinding and preparation procedure, but only to a minor 
degree, the phase of growth of the cells at the time of harvest. 
It must be noted, however, that merely increasing the grinding 
time does not proportionally increase the extraction of protein. 


As is seen in the case of Preparation 12, grinding and extracting © 


with Tris buffer yielded 9.4 per cent protein; regrinding and re- 
extracting gave only an additional 2 per cent. 
It was noted before (6) that some extracts are devoid of de- 
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aminase activity. Wang et al. (17) also failed to find any adeno- 
sine deaminase in their extract, and one preparation, No. 8, in 
this series was completely devoid of activity. The probable ex- 
planation for the absence of the deaminase activity is that the 
deaminase is extremely sensitive to heavy metals (see below). 
Previously, on the basis of data accumulated at that time (6), 
it was suggested that the active material was not soluble in 
phosphate buffer. However, it is seen from Table I that this is 
not the case. Phosphate buffer may be somewhat less effective 
as an extracting agent, but this does not account for the complete 
absence of the enzyme. 

The amount of deaminase is increased markedly in bacteria 
grown in the presence of the purine bases, adenine and hypox- 
anthine, and, to a lesser extent, when caffeine is present. There 
is no increase when theophylline is present in the growth medium. 
The adaptive nature of the deaminase seems clear although it is 
of some interest in that its formation is induced by a substance 
akin to its reaction product. 

From the data of Table 1, something about the constancy of 
the occurrence and extraction of this enzyme can be inferred. 
This can be done by comparing the deaminase activity of prep- 
arations, prepared under substantially identical conditions, viz. 
cells grown in lactate medium, harvested in the late exponential 
phase of growth, ground with alumina, and extracted with Tris 
buffer. In these preparations the activity ranges from 2 to 3 
and does not correlate with the percentage of protein extracted. 
Lack of correlation can be taken to indicate that the deaminase is 
liberated from the bacteria neither much more nor much less 
readily than is the bulk protein of the cell. It may be well to 
note in passing that only very little (approximately 1.4 per cent) 
of the total deaminase in Preparation 13 could be found asso- 
ciated with the resuspended particulate fraction after grinding. 
The same argument appears valid for the nucleoside phosphory1- 
ase activity, although here the variation in enzyme activity ap- 
pears somewhat larger. 

The activity of the phosphorylase does not appear to be modi- 
fied by the presence of purine bases in the growth medium. It 
should be mentioned, however, that the enzyme is strongly in- 
hibited by sulfate ions and that the latter are present in inhibi- 
tory concentration in the synthetic L medium, but that either 
greatly increasing or decreasing the amount of sulfate in the 
growth medium does not influence the level of enzyme. 


Properties of Adenosine Deaminase 


Kinetics—The differential spectroscopic method allows the ac- 
curate measurement of the course of the deamination process 
(Fig. 1). The results obtained indicate that the course of the 
reaction may be predicted from the integrated form of the 
Michaelis-Menten equation 


(So — S) + K,» In = 

where S is substrate concentration, ¢t is the time, A,, is the 
Michaelis-Menten constant, and Visx, is maximal velocity. 
From the experimental data values for estimates of A,, and of 
Vinax May be obtained in several ways (18, 19),? each method of 
calculation giving concordant results. 

The validity of the integrated Michaelis-Menten expression is 
apparent, since the reaction is essentially irreversible and _ is 


7A. L. Koch, unpublished method. 
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Fic. 1. Adenosine deaminase kinetics. The reaction mixture 
was prepared as described under Experimental, except that the 
amount of deoxyadenosine was reduced to 20 wg. in runs 1 and 2, 
and to 10 wg. in runs 3 and 4. The enzyme used was 0.2 ml. of a 
1:100 dilution of enzyme Preparation, 15A. 


measured at low initial substrate concentration thus reducing the 
possibility of product inhibition. 

This is confirmed by the observation that the values for K,, 
are independent of initial substrate and enzyme concentration, 
Thus, in the four runs shown in Fig. 1 the average values for 
Vmax at the higher and lower initial substrate concentrations are 
16.2 and 16.5 wmoles per mg. per hour and for A,, are 29 and 31.1 
uM, respectively. 

The kinetics of two other preparations were investigated. KA, 
appeared to be 30 um for No. 9 and 32.4 um for No. 17. It 
should be noted that the initial substrate concentration utilized 
in obtaining data in Table I is 100 um and that no curvature in 
the plots of optical density against time was found for the first 
one-third of the reaction. A,, must be much less than 100 um 
for all preparations, and therefore, all data have been computed 
in Table I on the basis of zero order kinetics. However, the 
reaction rates reported in Table I are 23 per cent less than the 
maximal rate obtainable with large initial substrate concentra- 
tions, on the assumption of a A,, of 30 uM for all preparations. 

Specificity—Deaminases isolated from various sources have 
proved to be very variable in their specificity. The mammalian 
enzyme attacks both adenosine and deoxyadenosine (9, 14). In 
Lactobacillus helveticus a deaminase specific for deoxyadenosine 
(20) is found, whereas the enzyme isolated from Aspergillus 
oryzae (21) has a broad specificity and will act on a variety of 
adenosine derivatives substituted in the ribose moiety at either 
the 3’ or 5’ position. 

None of these enzymes can attack adenine, nor, in general, do 
extracts of FE. coli. However, suspensions of resting F. coli can 
deaminate adenine (1, 2, 22). The rate at which adenine was 
deaminated by such suspensions was increased by the addition of 
small amounts of the nucleoside (2) or inorganic phosphate (1). 
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Enzymes from E. coli Acting on Deoxyadenosine 


TaBLe II 
Effect of substrate on kinetic constants 
Compound V max Km 
pmoles/mg. protein/hr. uM 
Deoxyadenosine.............. 2.41 32.4 
Adenosine 3’-phosphate....... 4.87 66 


-.025-+- 


340 34 


310 315 320 3 330 335 
+- x 10° 


Fic. 2. Temperature dependence of adenosine deaminase activity 


This, of course, suggested that adenine deamination was a 3-step 
process whereby adenine is converted to adenosine, which is then 
deaminated and finally cleaved. The process for adenosine 
formation could conceivably be a transamination (2), a trans- 
glycosylation (20), or a nucleoside phosphorylase action. The 
phosphate effect suggests the latter possibility. An attempt to 
couple adenosine deaminase and phosphorylase to the deamina- 
tion of adenine failed. Eighty ug. of adenine were attacked at 
a negligible rate by 0.02 ml. of enzyme Preparation 15A in a 3.2-ml. 
system. Addition of trace amounts of deoxyadenosine (4 ug.) 
and phosphate (4 wg.) did not allow deamination. When sub- 
strate amounts of deoxyadenosine (400 ug.) were then added, 
deamination was observed spectrophotometrically, thus proving 
that the deaminase in the system was still active. 

This experiment was carried out to determine whether we could 
explain in this fashion the fact that one preparation in the pre- 
vious series had been found to attack adenine (6). All other 
preparations (including those grown in the presence of adenine) 
have shown only extremely small deaminase activity on adenine. 

Other adenine-containing compounds are also not attacked by 
the enzyme. These include adenosine 2’-phosphate, adenosine 
5’-phosphate, adenosine diphosphate, adenosine triphosphate, 
diphosphopyridine nucleotide, triphosphopyridine nucleotide, 
and coenzyme A. The enzyme preparations act on adenosine 
and deoxyadenosine and most rapidly on adenosine 3’-phosphate 
(Table II). Deamination occurs without lag, indicating that it 
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is not the case that adenosine 3’-phosphate is first cleaved by a 
phosphorylase and then the resultant adenosine attacked by the 
deaminase. 

Heavy Metal Inactivattion—Adenosine deaminase from E. coli, 
like that from mammalian sources (9, 23), is inhibited by heavy 
metals such as Ag*, Cu**, and Cr***. Hg*+t, Ag*, Zn*+, and 
p-chloromercuribenzoate at 10~*° m decrease the initial rate of re- 
action significantly. After 3 to 4 minutes the enzyme action 
completely stops for all the inhibitors except Zn*+. This finding 
suggests that preincubation of the metal ion with the enzyme in 
the absence of substrate would be more effective. This was 
found to be the case, 10-* m ions giving complete inhibition on 
preincubation in the absence of substrate for 3 minutes. The 
inhibition is prevented by the presence of other agents forming 
metal complexes such as ethylenediaminetetraacetic acid, cys- 
teine, and reduced glutathione. These agents themselves have 
no influence on the enzyme action. Furthermore, the addition 
of gelatin does not affect the rate of reaction. Once the enzyme 
is inactivated by preincubation with Hg**, it cannot be reacti- 
vated by the addition of the tetraacetate. Because of the ap- 
parent irreversible inactivation by heavy metals, it is impossible 
to rule out trace heavy metal contamination during enzyme prep- 
aration as the causative agent for the occasional absence of en- 
zyme in this and previous work. 

Although precautions had been taken during enzyme prepara- 
tion, it appeared to be worthwhile to add ethylenediaminetetra- 
acetate to the solutions used in the extraction procedures, En- 
zyme Preparation 17 was prepared with Tris containing 0.003 per 
cent of ethylenediaminetetraacetate. The enzyme preparation 
obtained was slightly less active but was considerably more stable. 

Effect of Sulfhydryl Reagents—Although the enzyme is sensi- 
tive to very small amounts of heavy metals, it does not appear 
that this results from heavy metal interaction with free —SH 
groups, because other —SH inhibitors, iodosobenzoate and iodo- 
acetate, do not decrease activity. 

Thermal Denaturation—With enzyme extracts prepared in the 
absence of chelating agents, the activity decreases to about one- 
half the initial value during a period of several minutes and then 
remains quite constant over a period of hours at 38°. A rela- 
tively slow drop is seen at 0°. With the enzyme prepared in 
buffers containing ethylenediaminetetraacetate, the activity is 
stable for hours at 38°. It is clear from experiments described 
above that heavy metal inactivation occurs more slowly in the 
presence of substrate. All this points to some combination of a 
heavy metal contaminant with the enzyme that can be prevented 
by keeping the enzyme cold, by chelation, or by keeping sub- 
strate present. 

At higher temperatures thermal denaturation of the enzyme 
takes place, with the protein becoming quite rapidly denatured 
at 55°. The enzyme is inactivated by repeated freezing and re- 
thawing. 

pH Optimum—The pH optimum was determined by both dif- 
ferential spectrophotometry and paper chromatography to be in 
the range of pH 7.5 to 8. The latter method has the advantage 
over the differential spectrophotometric method in that the dif- 
ference spectrum of deoxyadenosine and deoxyinosine is pH- 
dependent. The optimum is broad and activity can be demon- 
strated at pH 5. 

Buffer Effects—There appear to be relatively minor buffer ef- 
fects. The enzyme has activity in Tris, citrate, pyrophosphate, 
phosphate, and arsenate buffers at pH 5. The enzyme may be 
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slightly more active in arsenate or in Tris than in the others, but 
not by more than 10 per cent increase in rate. 

Temperature Coefficient—The activity of the enzyme is only 
slightly influenced by temperature within the stability range. 
The Q1o between 20° and 30° is only 1.14 (Arrhenius E = 642 
calories per mole), and between 30° and 40° the apparent Qyo 
value is 1.03 (Fig. 2). 


Properties of Nucleoside Phosphorylase 


Kinetics—As mentioned in the experimental section, the ana- 
lytical method used here leaves much to be desired, owing to the 
influence of the substrate employed in chromophore develop- 
ment. In addition to this phenomenon and the possible in- 
fluence of the deaminase on phosphorylase assay mentioned 
earlier, there is the known inhibitory action of free purine bases, 
which are reaction products, on the enzyme (4, 6, 7). All of 
these factors limit the reliability of the assay and preclude ac- 
curate kinetics. Under the conditions of the assay employed 
here, there is a continuous increase in the difference between the 
optical density at 640 my of the sample and that obtained at 
zero time upon varying the following parameters: initial con- 
centration of substrate, length of time of incubation, amount of 
enzyme added. None of the curves obtained indicates exact 
proportionality. 

The assay, however, is quite reproducible. Data accumulated 
over a period of a month indicate that individual determinations 
have a standard deviation from the mean of 7 per cent. 

Inhibition by Heavy Metals—Preincubation of the enzyme with 
125 x 10-4 m Ag+, Hg*t*+, or p-chloromercuribenzoate for 30 
minutes at 37° caused complete inhibition. At a concentration 
of 1.25 < 10-5 m no inhibition was found. The addition of this 
concentration of any of the three inhibitors completely inacti- 
vates the deaminase without influencing the phosphorylase. 

Thermal Denaturation—The enzyme is not detectably inacti- 
vated by heating to 45° for 30 minutes. At 55° 74 per cent of 
the activity is lost, and 100 per cent is lost at 60° during the same 
period of time. 

Temperature Coefficient—The logarithm of the activity of the 
enzyme gives a linear plot against the reciprocal of absolute 
temperature over the range of 20-50°. The calculated energy of 
activation is 3500 calories; Qio is 2.2 between 20—-30° (Fig. 3). 

Inhibition by Anions—The nucleoside phosphorylase is strongly 
inhibited by sulfate ions. Molybdate, pyrophosphate, succinate, 
acetate, fluoride, chloride, iodide, chlorate, and nitrate do not 
influence the reaction when present in the enzyme assay system 
at 0.1 m. The inhibition by sulfate is complete at 4 x 10 m, 
and is 65 per cent at 4 X 10-*m. The effect appears to be one 
of reversible inhibition because activity can be restored by 
dialysis or dilution. 

Phosphate ions cause a significant decrease in the amount of 
reaction. This probably results either from the formation of 
deoxyribose 1-phosphate which does not reduce the Cu** or from 
an inhibition of the enzyme by phosphate or deoxyribose 1- 
phosphate. 

The sulfate effect appears to be unrelated to the phenomenon 
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Fic. 3. Temperature dependence of nucleoside phosphorylase 
activity. 


found to occur by Lampen and Wang (24) with the enzymes 
acting on nucleosides in Lactobacillus pentosus. In this organism, 
the predominating type of enzyme appears to be hydrolytic in 
character. Nonetheless, the pyrimidine-specific enzyme ac- 
tivity was found to be enhanced by the presence of phosphate, 
arsenate, or sulfate. On the other hand, phosphate or arsenate 
decreased the activity on purine ribonucleosides. These agents 
appeared to affect the stability of the enzymes and not their 
catalytic activity. The enzymes acting on deoxyribonucleosides 
in E. coli are completely arsenate- or phosphate-dependent (6, 7), 
and the sulfate seems to affect the activity but not the stability 
of the enzyme. 


SUMMARY 


Extracts of a number of cultures of Escherichia coli strain B 
were examined for ability to deaminate deoxyadenosine and to 
catalyze the arsenolytic or phosphorolytic cleavage of deoxy- 
adenosine. Variation of the conditions of growth and of enzyme 
extraction indicated no major variation in enzyme content with 
the exception that deaminase activity is greatly augmented when 
certain purine compounds are present in the growth medium. 

The deaminase is very sensitive to heavy metals and reacts 
with them irreversibly. It does not appear to be a sulfhydryl- 
dependent enzyme. The phosphorylase activity is relatively in- 
sensitive to heavy metal but is inhibited by sulfate ions quite 
specifically. 
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It has been shown previously that the diphosphopyridine 
nucleotidase from pig brain is capable of catalyzing an exchange 
reaction between various substituted pyridine compounds and 
diphosphopyridine nucleotide to form analogues of diphospho- 
pyridine nucleotide (1-4). The variation in reactivity of the 
various analogues prepared in this manner indicates the impor- 
tance of the grouping in position 3 of the pyridine moiety of the 
molecule. Analogues containing pyridine, §8-picoline or 3- 
methylpyridylearbinol cannot be reduced either chemically or 
enzymatically and do not react in the various addition reactions 
characteristic of diphosphopyridine nucleotide (2). On the other 
hand, analogues containing 3-acetylpyridine or pyridine-3-alde- 
hyde will undergo chemical and enzymatic reduction and react 
to form addition products. 

This paper constitutes an extension of these studies to include 
other pyridine-substituted analogues of diphosphopyridine 
nucleotide. Data will be presented to demonstrate the varia- 
tion in properties of pyridine dinucleotide compounds differing 
from diphosphopyridine nucleotide by the nature of the group 
in position 3 of the pyridine moiety. Preliminary studies in- 
volving these compounds were recently reported (5). 


EXPERIMENTAL 


Materials and Methods 


Pig brain and Neurospora DPNases were prepared as described 
previously (1, 6). The DPN used in this study was obtained 
from the Pabst Laboratories, Inc. Nicotinic acid hydrazide was 
prepared by the method of Fox and Field (7), pyridine-3-al- 
doxime according to Ginsberg and Wilson (8), thionicotinamide 
according to Karrer and Schukri (9), and 3-pyridylacryloamide 
according to Hartman and Bosshard (10). 

Nicotinyl hydroxamic acid was obtained by the following 
method: 2 moles of hydroxylamine hydrochloride in ethanol are 
added with stirring to an ethanolic solution containing 2 moles 
of sodium ethoxide and the sodium chloride is removed by filtra- 
tion. To the filtrate is added 1 mole of ethyl nicotinate and 1 
mole of sodium ethoxide in ethanol. The resulting mixture is 
allowed to stand for 3 hours at room temperature after which 
the sodium salt of the hydroxamiec acid is precipitated by the 
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addition of ether. The sodium salt is dissolved in a small amount 
of water, acidified to pH 6.0 in the cold, and the hydroxamie 
acid removed by filtration. Nicotinyl hydroxamic acid thus 
obtained can be recrystallized from ethanol or acetone-petroleum 
ether, m.p. 165°, yield 78 per cent. 

3-Isobutyrylpyridine was prepared by the following modifica- 
tion of a method used by Frank and Weatherbee (11) for the 
preparation of n-butyrylpyridine. To a cooled solution of 
Grignard reagent prepared from 33 gm. (0.27 mole) of isopropyl 
chloride and 6.76 gm. (0.28 mole) of magnesium in 50 ml. of dry 
ether, 26 gm. (0.25 mole) of 3-cyanopyridine in 100 ml. of ether 
and 100 ml. of benzene was added with stirring over a period of 
1.5 hours. The resulting mixture was stirred for 48 hours at 38° 
and then cooled. To the cooled solution were added 50 gm. of 
NH.,Cl and 250 ml. of 2.4 Nn HCl and the mixture was stirred for 
8 hours. The organic layer was removed and the aqueous solu- 
tion was refluxed for an additional 24 hours. The aqueous solu- 
tion was then cooled and extracted 4 times with 200-ml. portions 
of ether. The combined ether extracts were distilled at 3 mm. 
Hg. 

The compound obtained on fractional distillation at 3 mm. Hg 
had a boiling point of 108-112°. The infrared spectrum ob- 
tained for the 3-isobutyrylpyridine compound exhibited peaks 
characteristic of the pyridine ring, the carbonyl group, and the 
isopropyl group (12). 

The N!-methyl! pyridine derivatives were prepared as the iodide 
salts in the following manner. To 15 ml. of anhydrous methanol 
in a 25-ml. round-bottom flask was added 0.1 gm. of the free 
pyridine base. As soon as the free base was completely dis- 
solved, 5 ml. of methyl iodide were added and the reaction mix- 
ture refluxed for 8 to 10 hours. The solution was then cooled 
and the solid separated by filtration. The N!-methyl compounds 
were recrystallized from methanol and stored at 0°. When 
allowed to stand at room temperature for extended periods, the 
pale vellow color of these iodides will darken markedly. 


RESULTS 


Properties of DPN Analogues—The analogues were prepared 
with the use of the pig brain DPNase in reaction mixtures con- 
taining 3200 units of enzyme (a unit defined as the amount of 
enzyme which will effect the cleavage of 1 umole of DPN in 1 
hour), 15 wmoles of the substituted pyridine compound, 2.0 
gm. of DPN, 6.25 ml. of 1.0 m potassium phosphate, pH 7.5, and 
diluted with water to 150 ml. Purification of the analogues was 
obtained by procedures previously described (2). 

The analogues were shown not to contain any free or bound 
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Absorption mazima of DPN analogues 
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* The ADP ribosyl moiety of DPN. 
+ These values represent a shoulder in the absorption curve 


rather than a true peak. 
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nicotinamide by the Hoffman degradation procedure outlined 
by Holman (13). The ultraviolet spectra of these analogues 
were determined in water, 0.1 N NaOH and in 0.1 N HCl. The 
absorption maxima of these compounds under these conditions 
are given in Table I. The additional absorption maxima at 355 
my and 330 mu observed in 0.1 N NaOH with the 3-benzoy!l- 
pyridine and the 3-isobutyrylpyridine analogues, respectively, 
appears to be characteristic of analogues containing a ketone 
function next to the pyridine ring. This and related observa- 
tions will be discussed elsewhere. 

All of the analogues having a group in position 3 of the pyri- 
dine ring which contains an ionizable hydrogen undergo a spectral 
change in base which appears to be an effect of the ionization of 
this grouping. In the case of the nicotiny] hydroxamic acid, 
nicotinic acid hydrazide, and pyridine-3-aldoxime analogues, 
there is an increase in absorption in the region between 260 mu 
and 340 mu; however, no new peaks appear. - The ionization 
of the groups on the above mentioned analogues can also be 
shown by electromeric titration. DPN has been reported to 
have a pK at 3.9 and at 11.3 (14). The nicotiny] hydroxamic 
acid analogue upon titration revealed an additional pK at 6.5. 
The pyridine-3-aldoxime and nicotinic acid hydrazide analogues 
have additional pKs at 9.2 and 9.5, respectively. 

A comparison can be made between the coenzyme analogues 
and the corresponding N'-methyl derivatives with respect to 
spectral changes under acidic and basic conditions. The absorp- 
tion maxima of the N'-methy] derivatives are shown in Table IT. 
It can be seen that several of the N!-methyl derivatives exhibit 
absorption spectra with more than one maximum. The absorp- 
tion maxima in the region of 225 mu observed with the N'- 
methyl derivatives of 3-benzoylpyridine, 3-isobutyrylpyridine, 
3-pyridylacryloamide, and thionicotinamide were not observed 
in the corresponding spectra of the DPN analogues containing 
these four pyridine bases. Both the V!-methyl derivatives of 
nicotinyl hydroxamic acid and pyridine-3-aldoxime show distinct 
spectral changes in 0.1 N NaOH. The N'-methyl pyridine-3- 
aldoxime was recently shown to have a pK at 9.2 (8). The pK 
of N'-methyl nicotiny] hydroxamic acid was determined to be 6.6 
by electromeric titration. The N!-methyl nicotinic acid hydra- 
zide was not available! for comparison with the nicotinic acid 
hydrazide analogue of DPN. 

Chromatographic and Electrophoretic Properties—The analogues 
were chromatographed on Whatman No. 3 MM paper with the 
use of a 95 per cent ethanol-0.1 N acetic acid (1:1) solvent mix- 
ture as described by Zatman et al. (3). The Rppn? values ob- 
tained for adenosine diphosphoribose and the various DPN 
analogues are given in Table III. For the purpose of comparison, 
the 3-acetylpyridine, pyridine-3-aldehyde and nicotinic acid 
analogues were included in these studies. The properties of 
these analogues have been previously described (2, 14). The 
majority of the analogues move with Rppwn values very close to 
one in this system. The analogues containing a carbonyl] group 
in position 3 of the pyridine ring (the last four analogues in Table 
III) all show higher Rppw values. 

All of the coenzyme analogues were subjected to electrophoretic 


1 Attempts to prepare the N!-methyl nicotinic acid hydrazide 
by several methods were unsuccessful. The products obtained 
in each case did not exhibit properties characteristic of N'-pyri- 
dinium compounds. 

2 Rppn values were used instead of Rp values as suggested by 
Block et al. (15). Rppw = distance traveled by substance/distance 
traveled by reference compound, DPN. 
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Absorption maxima of N'-methyl derivatives 
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260 260 260 
NH; 


1221 


TaB_e III 
Chromatography of analogues 
Coenzyme analogue | RppN* Coenzyme analogue RDPN 
| 1.00  Nicotinyl hydroxamic 
Adenosine diphosphori- | atid 
_....| 1.35 | Pyridine-3-aldoxime 
3-Acetamidopyridine Nicotinie acid (DPN) | 1.09 
1) 9) 1.30 | 3-Acetylpyridine (DPN) 1.21 


Thionicotinamide (DPN)| 1.00 | Pyridine-3-aldehyde 


3-Pyridyl acryloamide | 1.17 
(DPN)................| 1.00 | 3-Benzoylpyridine | 

Nicotinie acid hydra- (DPN) oa | 1.22 

(DPN) 


* See text. 


study with the use of 0.02 M acetate buffer, pH 5.4. The Dur- 
rum (hanging strip) method (16) was employed with the use of 
Whatman No. 3 MM paper and applying a voltage of 600 volts 
for 4 hours. Under these conditions all of the coenzyme ana- 
logues with the exception of the nicotinic acid analogue migrate 
toward the anode at the same rate as the DPN control and 
therefore must have net charges of —1 at this pH. The nico- 
tinic acid analogue was shown previously to migrate with a 
net charge of —2 at this pH (14). Electrophoresis of the nico- 
tinvl hydroxamiec acid analogue in 0.02 M glycine buffer, pH 9.0, 
again demonstrates the additional ionization of this compound 
since at this pH the nicotiny! hydroxamic acid analogue moves 
with a net charge of —2. 

Addition Reactions of DPN Analogues—The ability of DPN 
and DPN analogues to form various addition products has been 
previously reported (17). The absorption maximum of the 
DPN-cyanide and DPN-bisulfite addition products is at 325 
mu (17). The cyanide addition products of DPN analogues 
and N!-methyl derivatives can be formed in both aqueous and 
methanolic media (18). The absorption maxima of the cyanide 
and bisulfite addition products of the DPN analogues are given 
in Table IV. The 3-aminopyridine and 3-acetamidopyridine 
analogues failed to react in any of the addition reactions studied. 
The formation of the DPN-bisulfite addition product proceeds 
most favorably close to neutrality (17). At pH 7.5, in 0.03 
~N NaHSO; the DPN-bisulfite addition product forms rapidly 
while the nicotiny] hydroxamic acid analogue does not give any 
observable reaction. When the same reaction is carried out at 
pH 5.5 the nicotinyl hydroxamic acid analogue reacts to the 
same extent as does DPN. The effect of pH on the formation 
of the bisulfite addition products of DPN and the nicotinyl 
hydroxamic acid analogue is more clearly demonstrated in Fig. 
1. The maximal addition reactions were determined at different 
hydrogen ion concentrations with concentrated sodium bisulfite 
solutions. The reactions were then repeated in 0.1 N sodium 
bisulfite solutions to obtain the data presented in Fig. |. As 
mentioned previously, the pK of the hydroxamic acid group of 
this coenzyme analogue is 6.5. The formation of the bisulfite 
addition of the nicotiny! hydroxamic acid analogue falls off 
sharply above pH 6.0 indicating the inability of the nicotinyl 
hydroxamic acid analogue to undergo an addition reaction when 
the hydroxamic acid group is ionized. 
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TaBLe IV 
Absorption maxima of reduced coenzyme analogues and addition 
products 
y x 
SO 
| 2 
ADPR" S = ACID (OPN) 
Chemicall Aqueous Methanolic 
x by| | amide | 
uJ 
my mu mp my F20 
—C 340 325 325 325 Pra) 
oh, 50 55 60 65 7.0 7.5 
NH, pH 
O Fic. 1. The effect of pH on the formation of the bisulfite addi- 
F | tion products of DPN and the nicotiny! hydroxamic acid analogue. 
340 395 395 3315 Maximal reactions were obtained in 1 M NaHSO, solutions con- 
taining 0.6 umole of nucleotide in a total of 3 ml. The per cent of 
maximal reaction was obtained for reactions containing 0.6 wmole 
NHOH of nucleotide in 0.1 M NaHSO,; in a total of 3 ml. 
ey For comparison with the DPN analogues Table V contains 
ill 335 295 320 315 the absorption maxima of the cyanide addition products of the 
corresponding N'-methy] derivatives. It may be noted that the 
NHNH, N'-methyl derivatives of nicotiny] hydroxamic acid and _ pyri- 
NOH | dine-3-aldoxime do not appear to form aqueous cyanide addition 
VW | products but yield products with absorption maxima identical 
pus 330 315 39) 320 to those obtained in 0.1 N NaOH. 
2 Reaction of DPN Analogues with Sodium Hydrosulfite—At- 
H tempts to reduce the DPN analogues with sodium hydrosulfite 
0 were successful with the exception of the 3-amino- and 3-acet- 
Wz amidopyridine analogues. The absorption maxima of the re- 
wt 265 360 360 345 duced analogues are listed in Table 1V. The reduced 3-benzoyl- 
\A pyridine analogue with an absorption maximum at 365 my has an 
| extinction coefficient higher than that of DPNH at 340 mp. The 
nicotinyl hydroxamic acid analogue, which does not represent 
\ | so great a modification in the pyridine moiety as the 3-benzoyl- 
So “4 pyridine analogue, yields a reduced compound with an absorp- 
V4 | tion maximum at 340 my having an extinction coefficient ap- 
—C—CH—CH; | 360 340 340 335 proximately the same as DPNH at this wave length. The 
HH O | reduced derivatives of the remaining DPN analogues have ex- 
te ee | tinction coefficients at their respective absorption maxima, 
ia | 380 360 360 355 slightly less than that of DPNH at 340 mu. 
he It may be noted that the absorption maximum of the reduced 
NH; | thionicotinamide analogue is at 400 mu. The same absorption 
S maximum can be obtained by enzymatically reducing the thionic- 
V4 otinamide analogue. Although this represents a considerable 
—C 400 335 335 335 difference from the absorption maximum of DPNH (340 my), 
a shift to longer wave lengths would be expected with the re- 
NH; duced thionicotinamide analogue. Substitution of sulfur for 
_NH, a ft 2 oh oxygen in a conjugated group generally involves a change in 
| absorption maxima to longer wave lengths which is attributed 
O to the weaker electron binding capacity of sulfur (19). 
_wH Analysis of Pyridine-3-aldoxime Analogue—It was previously 
: i shown that 3-acetylpyridine reacts with the reagents of the 
CH, Friedemann-Haugen method (20) for the determination of keto 
: acids to form a dinitrophenylhydrazone (2). It was necessary 


* The ADP ribosy!] moiety of DPN. 
+ Represents no reaction. 


to incubate the pyridine base at 37° for 1 hour in a 0.1 per cent 
solution of 2,4-dinitrophenylhydrazine in 0.5 m HCl to obtain 
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a complete reaction. Pyridine-3-aldehyde also forms a dinitro- 
phenylhydrazone when treated with these reagents. The 
dinitrophenylhydrazone of pyridine-3-aldehyde analogue of 
DPN (2) also reacts to form a dinitrophenylhydrazone which 
has an absorption maximum at 500 my. Under the acidic condi- 
tions of the Friedemann-Haugen reaction pyridine-3-aldoxime 
hydrolyzes to the aldehyde and forms the dinitrophenylhydrazone 
having an absorption maximum at 470 my; likewise, the pyridine- 
3-aldoxime analogue reacts to form the dinitrophenylhydrazone 
with an absorption maximum at 500 mu. The extinction coef- 
ficients of the dinitrophenylhydrazones formed from pyridine-3- 
aldehyde, pyridine-3-aldoxime, or their corresponding analogues 
are the same at their respective absorption maxima. 

It may also be noted that with the exception of dinitropheny]- 
hydrazone formation, the properties of the pyridine-3-aldoxime 
analogue are very different from those of the pyridine-3-aldehyde 
analogue. The absorption maxima of the cyanide addition 
products of these two coenzyme analogues differ by 20 mu, and 
the absorption maxima of the reduced coenzyme analogues differ 
by 25 myu. The pyridine-3-aldoxime analogue undergoes a 
definite spectral change in base while the pyridine-3-aldehyde 
analogue does not show this property. 

The nicotinyl hydroxamic acid analogue reacts with the acid 
FeCl; reagent for hydroxamic acids (21) to give the typical wine 
color. This reaction can be used to follow the nicotinyl hydrox- 
amic acid analogue in chromatographic and _ electrophoretic 
procedures and affords an additional method for the quantitative 
determination of the analogue. 


DISCUSSION 


The methods of preparation of analogues of DPN established 
originally for the preparation of the isonicotinic acid hydrazide 
and 3-acetylpyridine analogues (1, 2) have been used for the 
formation of DPN analogues involving a still further modifica- 
tion of the nicotinamide moiety of the DPN molecule. For the 
most part, the spectral, chromatographic, and electrophoretic 
properties of these coenzyme analogues are very similar to those 
of DPN. Differences arise when the inductive effect of the 
group in position 3 of the pyridine moiety is inadequate for the 
enhancement of reactivity at position + of the pyridine ring. 
This is exemplified by the inability of the 3-aminopyridine and 
3-acetamidopyridine analogues to undergo chemical addition or 
reduction reactions. This same lack of chemical reactivity 
was previously reported (2) with respect to the 3-pyridylmethy] 
carbinol and 3-methylpyridine analogues of DPN. 

The absorption maxima in the region of 225 my exhibited by 
the N'-methyl derivatives of 3-benzoylpyridine, 3-isobutyry]- 
pyridine, 3-pyridylacryloamide, and thionicotinamide presuma- 
bly arise due to the increased resonance of these compounds 
through the conjugating effect of the groups substituted at 
position 3 of the pyridine ring (22). The observations that the 
spectra of the DPN analogues containing the above mentioned 
pyridine bases do not show analogous absorption maxima at 225 
my is in agreement with similar findings involving DPN ana- 
logues containing 3-acetylpyridine pyridine-3-aldehyde. 
These and similar observations will be discussed in a later report. 
It was recently shown (18) that various analogues of DPN as 
well as DPN itself are more reactive in the aqueous cyanide 
addition reaction than are the corresponding V'-methy! deriva- 
tives. This may help to explain the observation that the nico- 
tiny] hydroxamic acid and_ pyridine-3-aldoxime analogues 
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TaBLe V 
Absorption mazima of cyanide addition products of 
N1-methyl derivatives 
The spectra of these compounds were obtained in reaction mix- 
tures containing 0.3 umole of dinucleotide in 3.0 ml. of 1 m KCN 
in one case and 3.0 ml. of methanol saturated with KCN in the 
other. 


xX | Aqueous | Methanolic 
| 
| | my 
O | | 
| | 
—C 345 | 340 
NH; | 
O | 
—C 295* 315 
| 
NHOH 
NOH | 
| 
290* | 330 
| 
O 
| | 
—C | 368 362 
| 
O | 
| 
—C CH; 340 | 335 
| | 
CH | | 
| | 
CH; | 
H H oO | | 
| | 
—C=C—C | 380 | 370 
| | 
NH; | 
| 
WA | 
—C 345 335 
| 
NH, 
O | 
—NH—C 
| 


| 
* Same as peak formed in 0.1 N NaOH. 
t Represents no reaction. 
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undergo aqueous cyanide addition reactions while their cor- 
responding N'-methy] derivatives fail to do so. 

The change in reactivity with pH in the case of the nicotiny] 
hydroxamic acid analogue is most readily explained as an effect 
of ionizing the hydroxamic acid group. This is substantiated 
by the failure of the ionized coenzyme analogue to form a bisul- 
fite addition product. Analogous observations have been made 
with this analogue with respect to enzymatic reduction in various 
dehydrogenase systems. The enzymatic studies with the co- 
enzyme analogues will be presented in a subsequent paper. The 
nicotinic acid hydrazide and the pyridine-3-aldoxime analogues, 
having ionizable groups on position 3 of the pyridine ring, also 
reveal an analogous variation in reactivity with pH. 

The observation that the ionization of the nicotinyl hydrox- 
amic acid, nicotinic acid hydrazide, and pyridine-3-aldoxime 
analogues is accompanied by spectral shifts to longer wave lengths 
suggests another possibility for consideration in relation to the 
inactivity of the ionized compounds in addition and reduction 
reactions. The anionic groups of these coenzyme analogues may 
be interacting with the pyridine ring as indicated in Scheme 1 
and thus preventing any further nucleophilic attack from oc- 
curring. The interaction is drawn as occurring at position 4 
of the pyridine ring only by analogy to the cyanide addition 
reaction of DPN which was shown to occur at this position (23). 
The nicotinic acid analogue of DPN (14), on the other hand, 
does not undergo any appreciable spectral shift upon ionization 
of the carboxylic acid group. Thus an interaction of the car- 


O 


H 


® 33) 
ADPR 


SCHEME 1 
Interaction of the anionic group of the nicotinyl hydroxamic 
acid analogue with position 4 of the pyridine ring. ADPR repre- 
sents the ADP ribosyl moiety of DPN. 
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boxylate ion with the pyridine ring comparable to that suggested 
for the anions of the nicotinyl hydroxamic acid, pyridine-3- 
aldoxime and nicotinic acid hydrazide analogues, does not ap- 
pear to take place; however, such an interaction would lead to 
the formation of a 4-membered ring which, under the conditions 
of these reactions, would be a relatively unstable configuration. 
It may also be noted in this respect that the nucleophilic character 
of the carboxylate ion of the nicotinic acid analogue (pK 2.2) 
(14) is considerably less than that of the hydroxamate ion of the 
nicotinyl hydroxamic acid analogue (pK 6.5). It is possible, 
however, that the presence of the carboxylate ion in position 3 
is alone sufficient to decrease the attack at position 4 by nucleo- 
philic agents. 

A comparison of the equilibrium constants of the addition 
reactions of DPN and the 3-acetylpyridine analogue was pre- 
viously reported (2) in which it was shown that the 3-acetyl- 
pyridine analogue addition reactions have considerably more 
favorable equilibria than have the corresponding addition reac- 
tions with DPN. Likewise, the thionicotinamide, 3-benzoyl- 
pyridine, and 3-isobutyrylpyridine analogues show more favora- 
ble equilibria in the cyanide and bisulfite addition reactions 
than does DPN. Since the reactivity of coenzyme analogues 
in addition reactions appears to reflect the potential of the 
dinucleotides, one would expect the thionicotinamide, 3-benzoyl- 
pyridine, and 3-isobutyrylpyridine analogues to be more favora- 
bly reduced in dehydrogenase systems than is DPN and to ex- 
hibit oxidation-reduction potentials in these systems more 
positive than that ascribed to DPN. 


SUMMARY 


1. Nine pyridine substituted diphosphopyridine nucleotide 
analogues have been prepared with the use of the pig brain di- 
phosphopyridine nucleotidase exchange reaction. These coen- 
zyme analogues contain the following pyridine bases substi- 
tuted in position 3: 3-aminopyridine, 3-acetamidopyridine, 
3-benzoylpyridine, nicotinic acid hydrazide, nicotinyl hydroxamic 
acid, pyridine-3-aldoxime, 3-pyridylacryloamide, 3-isobutyryl- 
pyridine, and thionicotinamide. 

2. Spectral properties are given for the coenzyme analogues 
and for their respective cyanide and bisulfite addition products. 
These spectral properties have been compared to those of the 
corresponding N'!-methyl-substituted pyridine compounds. 
Chemically reduced derivatives of the coenzyme analogues are 
also described. 

3. A discussion of the effects of the group in position 3 on the 
reactivity and properties of the dinucleotides is presented. 
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It has been previously shown (1-3) that the nicotinamide 
moiety of diphosphopyridine nucleotide can be replaced by 
other pyridine bases without the loss of the coenzyme function. 
The observation that both the 3-acetylpyridine and pyridine-3- 
aldehyde analogues of diphosphopyridine nucleotide function 
as coenzymes with various dehydrogenases (3) indicated that 
the amide group on DPN was not essential for DPN activity or 
more specifically, the amino portion of the amide group of DPN 
was not essential for the coenzyme function. Other coenzyme 
analogues having groups in position 3 of the pyridine moiety 
not containing a carbony] function (such as the B-picoline, 3-pyrid- 
ylmethylearbinol and 3-pyridylearbinol analogues) were shown 
not to be enzymatically reduced (3). Recently a new series of 
DPN analogues was prepared and its chemical properties in- 
vestigated (4). The chemical reactivity of the majority of these 
dinucleotides in addition reactions suggested the possibility that 
they could serve as coenzymes in dehydrogenase systems. A 
preliminary study involving several of these coenzyme analogues 
in dehydrogenase systems was recently presented (5). The 
present paper constitutes an extension of these studies to include 
observations obtained with these DPN analogues in several other 
enzyme-catalyzed reactions. Data will be presented to demon- 
strate the nonessentiality of the entire amide group of DPN in 
dehydrogenase reactions. 


EXPERIMENTAL 


Materials and Methods 


The DPN analogues used in this study were prepared as 
described in preceding papers (2, 4) and contain the following 
pyridine bases: nicotiny] hydroxamic acid, nicotinic acid hy- 
drazide, pyridine-3-aldoxime, 3-aminopyridine, 3-acetamido- 
pyridine, 3-benzoylpyridine, 3-isobutyrylpyridine, 3-pyridyl- 
acryloamide, and thionicotinamide. DPN and DPNH were 
obtained from the Pabst Laboratories. The reduced forms of 
the DPN analogues were prepared either by the hydrosulfite 
method (6) or by enzymatic reduction (7). 

Crystalline yeast alcohol dehydrogenase and rabbit skeletal 
muscle lactic dehydrogenase were obtained from the Worthington 
Biochemical Corporation. Crystalline rabbit muscle glyceralde- 


* Publication No. 18 of the Graduate Department of Biochem- 
istry, Brandeis University. Aided by grants from the National 
Cancer Institute, National Institutes of Health (NIH-CY-3611), 
the American Cancer Society (P77), and the American Heart As- 
sociation. 

+ Predoctoral fellow of the National Institutes of Health (1956- 
1958). 


hyde phosphate dehydrogenase and glyceraldehyde phosphate 
were obtained from C. F. Boehringer and Soehne, Mannheim, 
Germany. Horse liver alcohol dehydrogenase was crystallized 
by the procedure of Bonnichsen (8). Purified pig heart DPNH 
diaphorase was kindly supplied by Dr. M. M. Weber. Neuro- 
spora DPN nucleotidase was prepared according to Kaplan et al. 
(9). Crystalline beef heart lactic dehydrogenase was prepared 
by the method of Neilands (10). 

The relative rates of reduction of the DPN analogues with 
the various dehydrogenases were obtained in the following 
manner. In the alcohol dehydrogenase reactions, the reaction 
mixtures contained 0.6 umole of dinucleotide, 0.1 m Tris! buffer, 
pH 9.5, and 0.5 m ethanol in a total volume of 3.0 ml. The 
reactions were initiated by the addition of 20 ug. of crystalline 
yeast alcohol dehydrogenase or 40 ug. of crystalline horse liver 
alcohol dehydrogenase. In the case of the nicotiny] hydroxamic 
acid, pyridine-3-aldoxime, and nicotinic acid hydrazide analogues 
of DPN these reactions were carried out in 0.1 M potassium phos- 
phate, pH 7.0. In the lactic dehydrogenase reactions the reac- 
tion mixtures contained 0.6 umole of dinucleotide, 12.0 uwmoles 
of lithium lactate, 60 uwmoles of hydrogen peroxide, and 0.1 
M Tris buffer, pH 8.5, in a total volume of 3.0 ml. The reactions 
were initiated by the addition of 20 wg. of crystalline rabbit 
skeletal muscle lactic dehydrogenase or 32 ug. of beef heart 
lactic dehydrogenase. In the case of the nicotinyl hydroxamic 
acid, pyridine-3-aldoxime, and nicotinic acid hydrazide analogues, 
these reactions were carried out in 0.1 m Tris buffer, pH 7.5. In 
glyceraldehyde phosphate dehydrogenase reactions the reaction 
mixtures contained 0.6 umole of dinucleotide, 0.06 m sodium 
pyrophosphate, pH 7.5, 0.1 ml. of 5.3 per cent sodium arsenate, 
and | umole of glyceraldehyde phosphate in a total volume of 
3.0 ml. The reactions were initiated by the addition of 20 ug. 
of crystalline rabbit muscle glyceraldehyde phosphate dehydro- 
genase. 

The reduction reactions were followed by the change in optical 
density at the absorption maxima previously reported (4) for 
each of the coenzyme analogues. 


RESULTS 


Reaction of Analogues with Dehydrogenases—It was previously 
shown (4) that seven of the nine coenzyme analogues of DPN 
prepared could be chemically reduced with sodium dithionite. 
The 3-aminopyridine and 3-acetamidopyridine analogues which 
were resistant to chemical reduction also failed to show any 


‘The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 
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Comparison of DPN analogues in dehydrogenase systems 
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ADPR* 
Relative rates of reduction 
: | reduction 
How’ | veast | Rabbit | Beef, | Rabbit] Potential 
ADHt LDH | LDH | GPDH 
volt 
O 
WA 
—C 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | —0.320f 
O 
WA 
—C 0.44 | 0.03 | 0.20 | 0.10 | 0.19 | —0.320 
NHOH 
O 
WA 
—C 0.68 | 0.08 | 0.33 | 0.09 | 0.38 | —0.344 
NHNH:2 
N—OH 
—C 0.50 | 0.06 | 0.07 | 0.01 | 0.01 | —0.347 
H 
O 
Wa 
—C 0.31 | 0 0 0 0 —0.247 
Y 
\ 
—-NH, 0 0 0 0 0 
O 
| 
—NH—C 0 0 0 0 0 | 
CH; 
H O 
| 
—C= 
O CH; 
WA 
—C—CH 7.92 | 0.52 | 1.25 | 0.37 | 0.01 —0.248 
CH; 
| 
WA 
—C 3.48 | 0.16 | 0.03 | 0.41 | 0.16 | —0.285 
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enzymatic reduction. A comparison of the rates of reduction of 
the DPN analogues with that of DPN in five different dehydro- 
genase systems is presented in Table I. It may be noted that 
3-pyridylacryloamide analogue which is reduced chemically (4) 
is not reduced enzymatically in any of the dehydrogenase systems 
tested.. The 3-benzoylpyridine analogue, although readily re- 
duced in the horse liver alcohol dehydrogenase system, could 
not be reduced in the other dehydrogenase systems investigated.? 
It is interesting to compare the rates of reduction of the various 
coenzyme analogues with dehydrogenases catalyzing the same 
reaction but isolated from different sources. The coenzyme 
analogues are more readily reduced in the horse liver alcohol 
dehydrogenase system than in the identical system catalyzed 
by the yeast enzyme. In a similar comparison the coenzyme 
analogues with one exception are more readily reduced by the 
rabbit skeletal muscle lactic dehydrogenase than by the beef 
heart lactic dehydrogenase. The one exception mentioned in- 
volves the thionicotinamide analogue which is more readily 
reduced in the beef heart lactic dehydrogenase system than with 
the rabbit muscle enzyme. A comparison of the rates of reduc- 
tion of the 3-acetylpyridine analogue with these two lactic 
dehydrogenases has previously been reported (3) in which it was 
shown that the 3-acetylpyridine analogue is more readily re- 
duced by the rabbit muscle lactic dehydrogenase. In all of the 
dehydrogenase systems where the analogues were enzymatically 
reduced, it was found that the chemically reduced analogues were 
enzymatically oxidized when the reverse reactions were studied. 

The chemically reduced thionicotinamide analogue was shown 
previously (4) to have an absorption maximum at 400 mp. The 
identical absorption maximum can be obtained with the thionico- 
tinamide analogue after enzymatic reduction. In studying the 
enzymatic reduction of this coenzyme analogue with low con- 
centrations of yeast alcohol dehydrogenase there was observed a 
rapid formation of a peak at 330 mw followed by a gradual 
development of the absorption maximum at 400 my. The 
absorption maximum at 330 my only appeared when the com- 
plete system was present. If the substrate, thionicotinamide 
analogue or the enzyme were omitted, the formation of the 330 
my maximum was not observed. If high concentrations of yeast 
alcohol dehydrogenase were employed, there was a rapid in- 
crease in the formation of the 400 mu maximum of reduced 
thionicotinamide analogue which obscures any prior formation 
of a 330 my maximum due to the higher extinction coefficient 
and overlapping effect of the reduced thionicotinamide analogue 
spectrum. Attempts to find an analogous 330 my maximum 
on reduction of the thionicotinamide analogue in other dehydro- 


2 It was recently observed that the 3-benzoylpyridine analogue 
functions as a coenzyme with a lactic dehydrogenase isolated from 
Lactobacillus arabinosus. Two lactic dehydrogenases can be iso- 
lated from this organism, one specific for p(—)-lactic acid and the 
other for L(+)-lactic acid. The 3-benzoylpyridine analogue is 
reduced when the p(—)-lactic dehydrogenase is used but fails to 
show any activity with the 1L(+)-lactic dehydrogenase. This 
work has been carried out by Dr. Don Dennis of this laboratory. 


* The ADP ribosyl moiety of DPN. 

t ADH represents alcohol dehydrogenase; LDH, lactic dehy- 
drogenase; GPDH, glyceraldehyde phosphate dehydrogenase. 
The rates of reduction were determined from changes in optical 
density obtained with the use of the methods described in the 
text. 

t Value obtained from Burton and Wilson (11) and Rodkey 
(12). 
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genase systems were unsuccessful. Attempts to relate the forma- 
tion of the initial 330 mu maximum with the reduction of a 
possible DPN impurity present in the thionicotinamide analogue 
preparation were unsuccessful. Extensive treatment of the 
thionicotinamide analogue with Neurospora DPN nucleotidase 
before the yeast alcohol dehydrogenase studies did not alter 
the formation of the 330 mp maximum; however, such treatment 


TaB_e II 
Effect of ionization of analogues on yeast alcohol dehydrogenase 


\ 
NY 
1 
ADPR* 
Nucleotides reducedt 
pH 7.0 pH 9.5 
mumoles mumoles 
O 
—C 50 50 
‘ | 
NHOH 
| | 
O | | 
| | 
—C | 60 | 40 
| 
NHNH, | | 
| | 
N—OH | | 
| 
—C 40 0 
H 
O 
—C 130 600 


* The ADP ribosyl moiety of DPN. 

+ Values represent equilibrium concentrations in yeast alcohol 
dehydrogenase reactions with the initial concentrations of nu- 
cleotides being 1 X 10-4 m in solutions of 0.1 mM ethanol. 


TaBLeE III 
Inhibition studies with analogues 
Analogue of DPN Enzyme Type 
3-Benzoylpyridine Beef heart, lactic dehy- | uncompeti- 
drogenase tive 
Thionicotinamide Rabbit skeletal muscle | competitive 
lactic dehydrogenase 
Nicotinyl hydrox- Yeast alcohol dehydro- | competitive 
amic acid genase 
Nicotinic acid hy- | Yeast alcohol dehydro- | competitive 
drazide genase 
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was sufficient to cause the complete cleavage of DPN added to 
the thionicotinamide analogue in equal concentration. 

Since the horse liver alcohol dehydrogenase was capable 
of using a greater number of DPN analogues as coenzymes, it 
was possible to study the equilibria of the reduction of the co 
enzyme analogues. Equilibrium constants were determined for 
each analogue at various pH’s and ethanol concentrations. The 
average equilibrium constants were used to calculate the ap- 
proximate oxidation-reduction potentials of each analogue- 
reduced analogue half-cell from the difference in free energy of 
the analogue and DPN reactions. For these calculations a 
value of —0.320 volt at pH 7.0 was used for the DPN-DPNH 
potential (as given by Burton and Wilson (11) and Rodkey 
(12)). The oxidation-reduction potentials of the various ana- 
logues are listed in Table I. 

In the preceding paper (4) it was reported that due to the 
ionization of the groups in position 3 of the pyridine ring, the 
nicotiny! hydroxamic acid, nicotinic acid hydrazide, and pyridine- 
3-aldoxime analogues are less reactive in chemical addition reac- 
tions as the pH is increased. The same phenomenon was ob- 
served in the dehydrogenase reactions with the above DPN 
analogues. The extent of reduction of these analogues in the 
yeast alcohol dehydrogenase system at pH 7.0 and pH 9.5 is 
givenin Table II. These analogues fail to show a more favorable 
reaction at higher pH levels as is the case with DPN. 

Inhibition of Dehydrogenases—The various coenzyme analogues 
of DPN were tested for their ability to inhibit the reduction of 
DPN in the various dehydrogenase systems. The types of 
inhibition observed with the various dehydrogenases and co- 
enzyme analogues are given in Table III. The pyridine-3- 
aldoxime, 3-aminopyridine, 3-acetamidopyridine, 3-pyridyl- 
acryloamide, and 3-isobutyrylpyridine analogues are not listed 
in Table III since they failed to show any inhibition with any of 
the dehydrogenases tested. It has previously been reported (3) 
that the pyridine-3-aldehyde analogue inhibits DPN reduction 
in the triose phosphate dehydrogenase system. In this connec- 
tion it is of interest to note that the pyridine-3-aldoxime analogue 
does not show any inhibition in this dehydrogenase system. The 
DPN analogues listed in Table III functioned as inhibitors only 
with those dehydrogenase systems listed adjacent to them, al- 
though they were tested in all of the dehydrogenase systems 
listed. 

The competitive inhibition exhibited by the nicotiny] hydrox- 
amic acid analogue in the yeast alcohol dehydrogenase system is 
illustrated in Fig. 1. Although the nicotinyl hydroxamic acid 
analogue is a competitive inhibitor at pH 7.0, it has no effect 
on the rate of DPN reduction with yeast alcohol dehydrogenase 
at pH 9.0, which again indicates the inability of the ionized 
nicotiny! hydroxamic acid analogue to undergo reactions charac- 
teristic of the undissociated analogue. The nicotinic acid hydra- 
zide analogue is also a competitive inhibitor of DPN reduction 
with yeast alcohol dehydrogenase; however, a higher concentra- 
tion of the coenzyme analogue is necessary (2 K 10-5 m tol X 
10-4 m). The same range of coenzyme analogue concentrations 
is required in the thionicotinamide analogue inhibition of DPN 
reduction with rabbit skeletal muscle lactic dehydrogenase. 


The data concerning the 3-benzoylpyridine analogue as an ; 


uncompetitive inhibitor in the beef heart lactic dehydrogenase 
system are presented in Fig. 2. Recently, Shifrin and Kaplan 
(13) were able to show that when the reduced acetylpyridine 
analogue of DPN is added to crystalline beef heart lactic de- 
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20.0} 
5xlO M 
25x10 M 
pS 
V 5.0xlO M 
5.0Fr 
1.0 


iy 1 i 
lO 20 30 40 5.0 
[DPN] 

Fic. 1. Nicotinyl hydroxamic acid analogue inhibition of DPN 
reduction in the yeast alcohol dehydrogenase system. Reaction 
mixtures contained 0.1 M potassium phosphate, pH 7.0, and 0.25 m 
ethanol in a total volume of 3.0 ml. The concentration of DPN 
on the abscissa refers to ymoles of DPN per 3.0 ml. Velocity is 


expressed as wmoles of coenzyme reduced in 15 seconds X 10?. 
The molar concentrations of inhibitor are given on each curve. 


hydrogenase there is a decrease in the fluorescence of the en 
zyme at 340 my and a fluorescent emission peak appears at 440 
mu indicating the formation of a coenzyme-enzyme complex. 


- When reduced 3-benzoylpyridine analogue is added to beef heart 


lactic dehydrogenase there is an analogous decrease in the 
fluorescence of the enzyme; however, no new fluorescent peak 
appears. If the reduced acetylpyridine analogue of DPN is 


now added to the enzyme there is no further decrease in the 


enzyme fluorescence and the second fluorescent peak (at 440 
mu), indicating binding of the acetylpyridine analogue to the 
enzyme, did not occur. Pyruvate reduction by the beef heart 


enzyme is also inhibited by the benzoylpyridine analogue of DPN. 


Diaphorase Studies—Weber and Kaplan (14) have shown that 


pig heart DPNH diaphorase will catalyze an electron transfer 


from DPNH to DPN analogues having oxidation-reduction 
potentials more positive than that of DPN such as the 3-acetyl- 
pyridine and pyridine-3-aldehyde analogues. The exchange 


between DPNH and the acetylpyridine analogue was followed 


by measuring the ratio of the absorption at 365 and 340 muy, the 
absorption maxima of reduced acetylpyridine analogue, and 
DPNH, respectively. These methods have been used to in- 
vestigate the possibility of interconversions among this new 
series of coenzyme analogues. The diaphorase reactions ob- 
tained with the DPN analogues are summarized in Table IV. 
The rate of electron transfer from DPNH to the 3-acetylpyridine 
analogue of DPN previously reported (14) was taken as a point 
of reference for comparing the rates of the other reactions listed 
in Table IV. Setting the rate of this reaction at unity it can be 
shown that the rate of the reaction between the reduced pyridyl- 
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5.0F 
1L2xlOM 
4.0F 
3.0F 0 


L i i l 
lO 20 3.0 6.0 70 8.0 
[DPN] 

Fic. 2. 3-Benzoylpyridine analogue inhibition of DPN reduc- 
tion with beef heart lactic dehydrogenase. Reaction mixtures 
contained 12 uwmoles of lithium lactate and 0.1 m Tris buffer, pH 
8.5, in a total volume of 3.0 ml. The concentrations of DPN on 
the abscissa refer to ymoles of DPN per 3.0 ml. The velocity is 
expressed as uwmoles of coenzyme reduced in 30 seconds X 10?. 
Molar concentrations of inhibitor are given on each curve. 


TaBLe IV 
Diaphorase transfer reactions 
Transfer reaction 
Relative 
rates 
Donor | Acceptor 
DPNH | Acetyl pvridine 1.00 
(DPN) 
DPNH — Isobutyrylpyridine 1.00 
(DPN) 
DPNH — 3-Benzoylpyridine 0.10 
(DPN) 
DPNH _—+ Thionicotinamide 1.40 
| (DPN) 
Reduced thionicotinamide ana- | — 3-Acetylpyridine —6-1.00 
logue of DPN | (DPN) | 
Reduced 3-pyridylaeryloamide — DPN 0.05 
analogue of DPN | 


Reduced 3-pyridylacryvloamide | — 3-Acetyl pyridine 
analogue of DPN | (DPN) | 


* This reaction was followed by the changes in optical density 
at 380 my and 365 mg. The increase in the 365:380 ratio obtained 
indicated the reaction does proceed as written; however, accurate 
measurements of the relative rate were not obtained. 


acryloamide analogue and DPN is only 5 per cent of the above- 
mentioned standard reaction. The reaction between DPNH 
and the 3-benzoylpyridine analogue is also a slower reaction, 
proceeding at a rate 10 per cent of that of the standard reaction. 
The reduced thionicotinamide analogue of DPN reaction pro- 
ceeds at a rate faster than the acetylpyridine analogue reaction 
and the change in the ratio of reduced compounds is illustrated 
in Fig. 3. 

An equilibrium constant was obtained for the reaction in- 
volving DPNH and the thionicotinamide analogue which al- 
lowed the calculation of the oxidation-reduction potential. 
The oxidation-reduction potential obtained in this manner was 
—0.282 volt which is in close agreement to value —0.285 volt 
obtained from equilibria studies in dehydrogenase systems. 
From the equilibrium constant obtained in the diaphorase reac- 
tion involving the reduced 3-pyridylacryloamide analogue and 
DPN, an oxidation-reduction potential of —0.347 volt was cal- 
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Fia. 3. Transfer from DPNH to the thionicotinamide analogue 
catalyzed by pig heart diaphorase as determined by changes in 
absorption. The reaction mixture contained 0.30 umole of DPNH, 
0.75 pmole of thionicotinamide (DPN), 50 wmoles sodium citrate, 
and 0.03 M potassium phosphate, pH 7.0, in a total volume of 3.0 
ml. The reaction was followed by the change in the ratio of the 
optical densities obtained at the absorption maxima of the re- 
duced coenzymes, (340 and 400 my). 


culated for the 3-pyridylacryloamide analogue. Since the 3- 
pyridylacryloamide analogue does not function as a coenzyme 
in dehydrogenase systems, no previous value of its oxidation- 
reduction potential had been determined; however, the value 
—0.347 volt is in agreement with the reactivity of this coenzyme 
analogue in addition reactions. 


DISCUSSION 


Previous enzymatic studies with DPN analogues (3) have 
shown that the amino portion of the amide group of DPN is 
not essential for the functioning of this molecule as a coenzyme 
in dehydrogenase systems. The data presented here indicate 
that not only the amino portion of the amide group but the ketone 
portion as well can be altered without loss of the coenzyme func- 
tion. Thus the functioning of the pyridine-3-aldoxime and the 
thionicotinamide analogues in dehydrogenase systems sub- 
stantiates the point of view that the amide group per se is not 
absolutely essential for the coenzyme activity of DPN. This 
does not, however, imply that the group on position 3 of the 
pyridine moiety of these DPN analogues is without significant 
importance to the over-all reactivity of these molecules. On 
the contrary, it was previously shown (2, 4) that alterations in 
the pyridine side chain in these compounds can greatly influence 
their chemical reactivity. The failure of the 3-methylpyridine, 
3-pyridylmethylearbinol (2), 3-aminopyridine, and 3-acetamido- 
pyridine analogues to undergo chemical addition and reduction 
reactions or to serve as coenzymes in dehydrogenase systems 
illustrates the importance of the group in position 3 to the reac- 
tivity of these compounds. The reactivity of DPN analogues 
in both chemical and enzymatic reactions appears to be related 
to the inductive effect of the group in position 3 of the pyridine 
moiety, with the consideration that other factors necessary for 
the promotion of reactivity (such as the quaternary ring nitrogen) 
are present and constant. This does not imply, however, that 
the inductive effect of the group in position 3 constitutes the 
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only property required of this group to facilitate enzymatic 
reduction of these compounds. The 3-pyridylacryloamide ana- 
logue which reacts in chemical addition and reduction reactions 
fails to be reduced in any of the dehydrogenase systems tested. 
The inability of this DPN analogue to function as a coenzyme 
most likely represents structural restrictions placed upon the 
coenzyme by the specificity of the various dehydrogenases. The 
variation in the relative rates of reduction of the various DPN 
analogues listed in Table I also illustrates the possibility of 
enzyme-coenzyme interactions and the necessity of having the 
proper group in position 3 of the pyridine moiety for adequate 
enzymatic reduction to occur. The fact that the rate of reduc- 
tion of the 3-benzoylpyridine analogue in the horse liver alcohol 
dehydrogenase system is much slower than DPN reduction and 
that the 3-benzoylpyridine analogue fails to react in other de- 
hydrogenase systems may well be due to a steric effect of the 
large benzoyl group. Studies are now in progress to investigate 
more fully the effect of steric hindrance on these reactions. 

The observations concerning the primary 330 my maximum 
which appears in the reduction of the thionicotinamide analogue 
with yeast alcohol dehydrogenase are difficult to interpret on 
the basis of the existing data. It is interesting that the substrate 
is required for the appearance of this initial product absorbing 
at 330 mp. The observations do not substantiate a monomer- 
dimer relationship for the 330 my and 400 my material. No 
apparent dissociation is observed on successive dilution of the 
reduced compound absorbing at 400 my. If the 400 my com- 
pound represented a dimerization of an initially formed reduced 
monomer, the same phenomenon would be expected to occur in 
the horse liver alcohol dehydrogenase system which is run under 
identical conditions. The formation of the initial 330 mu ma- 
terial was never observed in the horse liver alcohol dehydrogenase 
system with the use of the crystalline enzyme in amounts ranging 
from 10 to 500 wg. Kaplan et al. (15) have reported the spectral 
shifts associated with the binding of reduced pyridine nucleotides 
to various dehydrogenases; however, the yeast enzyme was shown 
to be relatively poor at inducing spectral shifts with several 
reduced DPN analogues and DPNH. No spectral shift is ob- 
served when the reduced thionicotinamide analogue is incubated 
with yeast alcohol dehydrogenase. 

All of the DPN analogues studied which were enzymatically 
reduced exhibited appreciably greater coenzyme activity in the 
horse liver aleohol dehydrogenase system than in the other de- 
hydrogenase systems tested. Enzymatic reduction of the 3-ben- 
zoylpyridine analogue could be demonstrated only in the horse 
liver alcohol dehydrogenase system. These observations sug- 
gest a possible role for horse liver alcohol dehydrogenase in the 
screening of DPN analogues for coenzyme activity. In a 
previous study of DPN analogues (2) yeast alcohol dehydro- 
genase was used to test for enzymatic reduction. 
nicotinate analogue of DPN reported to be inactive in the veast 
alcohol dehydrogenase system can be shown to be enzymatically 
reduced in the horse liver aleohol dehydrogenase system; how- 
ever, interpretations based on the original yeast alcohol dehydro- 


genase studies led to subsequent reports indicating the ethyl | 


nicotinate analogue to be enzymatically inactive (16). 


The change in reactivity with pH in the case of the nicotiny! | 


hydroxamic acid analogue is most readily explained as an effect 


of ionizing the hydroxamic acid group. This is substantiated — 
both by the failure of the ionized DPN analogue to undergo 
bisulfite addition and enzymatic reduction reactions or to in- | 


The ethyl 
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hibit DPN reduction in the yeast alcohol dehydrogenase system. 
The nicotinic acid hydrazide and pyridine-3-aldoxime analogues 
also show a variation of reactivity with pH. For example, in 
the lactic and alcohol dehydrogenase systems, at lower hydrogen 
ion concentrations where the reduction of DPN is more favorable, 
there is no corresponding increase in the extent of reduction of 
these analogues. The data presented in Table II exemplify 
this phenomenon and may simply represent an ionization of the 
active undissociated coenzyme analogues. Another possibility 
for consideration based on the spectral shifts of these compounds 
under alkaline conditions was suggested in the previous paper 
(4). The anionic groups of these coenzyme analogues may be 
interacting with position 4 of the pyridine ring and thus prevent- 
ing any further nucleophilic attack from occurring. 

Another example of a DPN analogue having an ionized group- 
ing in position 3 of the pyridine ring is the nicotinic acid analogue 
which was described recently (17). It was suggested that this 
analogue failed to react in dehydrogenase reactions due to a 
possible interaction of the negatively charged analogue with 
the enzymatic site. The ionized forms of the nicotinyl hydrox- 
amic acid, pyridine-3-aldoxime, and nicotinic acid hydrazide 
analogues may be considered to function in a similar manner. 
It has been suggested, however, that the anions of these analogues 
may not exist as such but may be interacting with position 4 of 
the pyridine ring (4). Since the unionized nicotinyl hydroxamic 
acid analogue is capable of inhibiting DPN reduction with yeast 
alcohol dehydrogenase while the ionized analogue fails to show 
this inhibition, it seems unlikely that the effect of the dissociated 
analogue would be one concerned with blocking or deforming the 
active site of the enzyme. It appears as though the effect in 
this case is more likely related to a disorientation of the coenzyme 
molecule whether this be due to the presence of an additional 
negative charge or to the absence of the positively charged pyri- 
dine ring nitrogen. 

The thermodynamic potentials of the half-cells for the nico- 
tinic acid hydraside and pyridine-3-aldoxime were shown to be 
more negative than that of the DPN-DPNH half-cell, indicating 
that these analogues are less favorably reduced than is DPN 
(Table I). The same lower extent of reaction arises in the com- 
parison of the formation of bisulfite products of DPN and these 
analogues (4). The thermodynamic potentials of the 3-benzoyl- 
pyridine, 3-isobutyrylpyridine, and thionicotinamide analogues 
are more positive than the DPN-DPNH potential and more 
favorable addition reactions have been observed with these 
analogues. The oxidation-reduction potential of the 3-pyridyl- 
acryloamide analogue obtained in diaphorase studies is likewise 
paralleled by the reactivity of this analogue in addition reactions. 
It was previously suggested by Kaplan and Ciotti (2) that there 
existed a relationship between the equilibria of the addition 
reactions and the oxidation-reduction potentials of pyridine 
nucleotides. The observations obtained with the present series 
of DPN analogues substantiate the possibility of such a relation- 
ship. 
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The ability of the various oxidized and reduced DPN analogues 
to react in the electron transfer reactions catalyzed by pig heart 
diaphorase indicates another possible means of estimating the 
proper reactivity of these compounds. As in the case of the 
3-pyridylacryloamide analogue it is possible to obtain the oxida- 
tion-reduction potential of the analogue from diaphorase reac- 
tions when the analogue is not reduced in dehydrogenase systems. 

It is felt that the DPN analogues prepared thus far are not 
only of great importance for the study of the properties of the 
DPN molecule but should also find an extensive application in 
future studies concerning the mechanism of action of various 
dehydrogenases. The DPN analogues can also be used for the 
demonstration of differences in structure of enzymes catalyzing 
the same reaction (18). 


SUMMARY 


1. Nine pyridine-substituted analogues of diphosphopyridine 
nucleotide (DPN) were studied in various dehydrogenase systems 
to determine their ability to replace DPN as coenzyme. Those 
analogues which were reduced in one or more dehydrogenase 
systems contained the following pyridine bases: nicotinyl hydrox- 
amic acid, nicotinic acid hydrazide, pyridine-3-aldoxime, 3-ben- 
zoy|pyridine, 3-isobutyrylpyridine, and thionicotinamide. The 
three remaining DPN analogues which failed to be reduced in 
the dehydrogenase systems tested contained the following pyri- 
dine bases: 3-aminopyridine, 3-acetamidopyridine, and 3-pyridy]- 
acryloamide. Studies concerning the participation of these 
analogues in electron transfer reactions catalyzed by pig heart 
diaphorase are also included. 

2. A comparison of rates of reduction of the coenzyme ana- 
logues and DPN in five different dehydrogenase systems is pre- 
sented. The oxidation-reduction potentials of the coenzyme 
analogues where possible were calculated from the equilibria of 
the dehydrogenase reactions. Inhibition of DPN reduction in 
dehydrogenase systems caused by several of the coenzyme ana- 
logues is also described. Nicotinyl hydroxamic acid analogue 
which competitively inhibits DPN reduction in the yeast alcohol 
dehydrogenase at pH 7.0 fails to inhibit in the same system at 
pH 9.0. 

3. The reduction of the thionicotinamide analogue in the 
yeast alcohol dehydrogenase system is characterized by the initial 
formation of a compound absorbing at 330 my followed by the 
appearance of the reduced thionicotinamide analogue which has 
an absorption maximum at 400 mu. The possible significance 
of the initially formed product is discussed. | 

4. The functioning of the pyridine-3-aldoxime and thionico- 
tinamide analogues as coenzymes in dehydrogenase systems sub- 
stantiates the nonessentiality of the amide group on the pyridine 
moiety of DPN and indicates some of the possible modifications 
than can be made on the ketone portion of the amide grouping 
without causing a loss of enzymatic activity. 
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Nucleotides are known to be present in blood. Some in- 
vestigators (1, 2) have determined the amounts of certain nucleo- 
tides only. Others (3, 4) have been more interested in the rela- 
tive amounts of the various nucleotides present. It was the 
purpose of this investigation to identify and quantitate all of 
the major nucleotides in normal human blood. 


EXPERIMENTAL 


Approximately 15 ml. of venous blood were withdrawn and 
expressed into a chilled tube containing 0.30 ml. (300 U.S.P. 
units) of sodium heparin solution. After thorough but gentle 
stirring, 10.0 ml. were transferred by Folin pipette to 10 ml. of 
ice cold 10 per cent trichloroacetic acid. The mixture was 
thoroughly homogenized with a heavy stirring rod and centri- 
fuged in the cold. The supernatant was poured into a glass- 
stoppered graduate, and the residue was re-extracted twice with 
10-ml. portions of cold 5 per cent trichloroacetic acid. The 
combined supernatant solutions were extracted with equal vol- 
umes of cold ether until neutral, aerated for 5 minutes to remove 
as much as possible of the remaining ether, and stored frozen. 
The extra blood was centrifuged for hematocrit determination 
and the plasma saved for other determinations. 

The separation of blood nucleotides followed the method of 
Hurlbert et al. (5) with the use of 20 « 1-cm. columns of Dowex 
l-formate resin, except that gradient elution was not employed. 
Thetrichloroacetic acid extract of blood was poured onto a column, 
and distilled water was allowed to flow through the column until 
no more ultraviolet-absorbing material came through into the 
efluent (approximately 1 hour). The eluting solutions ranged 
from 0.13 N formic acid to 4 N formic acid-O0.8 mM ammonium 
formate. Fractions of 5 ml. were collected. An _ ultraviolet 
monitor from Gilson Medical Electronics, Middelton, Wisconsin, 
was used to delineate the elution pattern. The absorbance of 
each fraction was read in the Beckman DU spectrophotometer 
at 260 mu.! 

The material from each peak was evaporated to dryness on a 
steam bath and the free purines or pyrimidines liberated by 
hydrolysis for 1 hour at 100° in 72 per cent HClO, The neu- 
tralized solutions were spotted on Whatman No. 1 paper for 
descending chromatography in the isopropanol-HCl system of 
Wyatt (6) followed by ascending chromatography in the butanol- 


* This work was supported by grants from the National Insti- 
tute of Arthritis and Metabolic Diseases of the National Insti- 
tutes of Health, Bethesda, Maryland. 

' A 10-ml. syringe with a 7} inch, 17 gauge needle tipped with a 
small piece of polyethylene tubing was used for transferring solu- 
tions. A spiral spring fitting closely around the plunger and 
thereby returning the plunger approximately to the 4-ml. gradua- 
tion allows the transfer to be made with one hand. 


NH,OH system of Markham and Smith (7). The bases were 
eluted with dilute HCl and their spectra determined.? 

After identification of the bases in the various peaks of the 
column chromatograms, additional samples of the peaks were 
freeze-dried to avoid hydrolysis and chromatographed in one- 
dimension on paper, with one or more of the following solvent 
systems: |, isobutyric acid-concentrated NH,OH-H.O (66:1:33): 
2, 0.1 m phosphate buffer (pH 6.8)-solid ammonium sulfate-n- 
propanol (100:60:2); and 3, isobutyric acid-concentrated NH,- 
OH-H:O (58:4:39).2 The difficulty of lyophilizing solutions 
containing ammonium formate was avoided by exchanging the 
NH, for H* with the use of columns of Dowex 50 in the acid 
form.‘ Compounds from Pabst Laboratories, Nutritional Bio- 
chemicals Corporation, and Sigma Chemical Company were used 
as reference compounds. 

The quantitation of the compounds in the column chroma- 
tograms was first attempted by determining total spectra of the 
pooled fractions. The results were unsatisfactory, probably be- 
cause formate contributes greatly to the ultraviolet absorption 
at the lower wave lengths and because there is interference from 
other phosphorylated compounds which have nonspecific absorp- 
tion at the lower wave lengths. Taking these readings against 
various blank solutions did not help. The most reliable quanti- 
tation of the compounds in the column chromatograms was 
achieved by integrating the areas under the peaks of the chroma- 
tograms (read at 260 my). Subtraction of background at- 
tributable to the factors mentioned above was quite simple in 
this nongradient system.° 


? Grateful acknowledgment is made to Professor J. N. David- 
son, Glasgow, Scotland for experience in these methods while 
one of us (CWB) was in residence there as Special Research Fellow 
(HF-5791) of the National Institutes of Health, Bethesda, Marv- 
land. 

’ These systems and Rp values for the various nucleotides are 
given in Circular No. OR-10 (1956) of the Pabst Laboratories, 
Milwaukee 5, Wisconsin. | 

* This procedure was suggested by Dr. Robert B. Hurlbert. 

° If a 5-ml. fraction has an absorbaney of A; and the solute has 
a molar extinction coefficient (at 260 my) of «, then its content of 
nucleotide will be (A,/e) 5 & 1000 umoles of A,k where k = 5000 /«. 
Hence total micromoles of the nucleotide will be A,k + Ack + ... 
or kZA. Since a 10-ml. sample of blood was used and since the 
final results are expressed as micromoles of compound per liter 
of blood, the whole expression must be multiplied by 100. If the 
over-all constant is now called k, (i.e. 100k) the total micromoles 
per liter of blood becomes k,ZA. The values for k; are as follows: 
DPN, 27.0; urie acid, 129; AMP, 34.4; TPN, 27.0; ADP, 34.5; 
ATP, 35.0; GTP, 42.4. The values of 87.7 for CDP-choline and 
79.5 for UDP-glucose were used in the recovery studies only. 
Most of the extinction coefficients were obtained from Bock ef 
al. (8) but a few were determined in this laboratory. 
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After the separation and quantitation had been adequately 
verified, the nucleotide content of 13 blood samples from normal 
males and 8 blood samples from normal females was determined. 


RESULTS 


Fig. 1A shows the chromatogram of the nucleotides in a sample 
of normal human blood. The peaks were tentatively identified 
by paper chromatography. 

Peak A contained cytosine but because of the paucity of ma- 
terial could not be further identified. From previous work (5) 
it was surmised that this peak was CMP. Peak B contained 
adenine and behaved like DPN in Solvent System 1. Peak C 
was shown by its spectrum in acid and base to be identical to 
uric acid. The only solvent system found to move uric acid as a 
distinct spot was distilled water. Carter and Potter (9) re- 
ported finding uric acid as its ribosy! derivative but only in beef 
blood. Peak D contained adenine and behaved like AMP in 
Solvent System 1. Peak EF contained adenine and behaved like 
TPN in Solvent System 2. Peak G contained adenine and be- 
haved like ADP in Solvent System 2. Peak G, contained uracil 
and behaved like UDP in Solvent System 2. Peak H contained 
adenine and gave two spots corresponding to ADP and ATP in 
Solvent System 1. It was assumed that the ADP had arisen by 
breakdown of the ATP. Peak L appeared to contain adenine 
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guanine and gave two spots corresponding to GDP and GTP in 
Solvent System 3. The GDP was assumed to be a breakdown 
product. 

A synthetic mixture containing appropriate amounts of CMP, 
DPN, uric acid, AMP, TPN, ADP, UDP, ATP, and GTP was 
then prepared and resolved according to the method used for 
blood extracts. The pattern closely resembled that from normal 
blood except that Peaks A (CMP), G2 (UDP), and LZ (unknown) 
were missing. 

Since UDP was not eluted in the position of G2, it could be 
assumed that G2 was not UDP but some other compound similar 
to it. Subsequent experiments indicated that UDP-glucose 
would be eluted from the column in the position of Peak G:. 
Insufficient material from this peak was obtained for unequivocal 
identification of it as UDP-glucose. 

The absence of an A peak with the synthetic mixture indicated 
that A could not be CMP. This was confirmed by demonstrat- 
ing that CMP follows DPN when eluted from Dowex 1-formate 
columns by 0.13 nw formic acid. 

When several A peaks were combined and lyophilized, it was 
possible, with the use of 0.01 N formic acid instead of the 0.13 
N acid, to resolve this material into two small but distinct peaks. 
Neither peak gave a definite spectrum. From the work of 
Kennedy (10) it was thought that one of these compounds might 


and could not be further characterized. Peak J contained be CDP-choline. When this compound was eluted from a resin 
0.9- A 
ATP 
0.8 - 
0.7- 
0.6- 
0.5- 
260-my DPN 
0.4- 
- ADP 
0.37 | uric 6TP 
ACID 
0.1 4A AMP 
0.3- 
B 
TuBE 50 1'00 2'00 250 
HC OOH O.13N "| 2.5N | 2.5N 4.0N bent 4.0N | 
HCOONH, 0.1M 0.2M 6M] 0.8M 


Fic. 1. A, chromatogram of nucleotides in trichloroacetic acid extract from 10 ml. of normal blood. B, chromatogram of nucleo- 
tides in trichloroacetic acid extract of plasma from 10 ml. of normal blood. 
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TABLE I 
Recovery of nucleotides from synthetic mizture* 
| Amount recovered 
Peak Compound ape 
| I II 
CDP-cholinet | 13.5 19.1 | 166) 19.5 
33.9 | 36.0 | 35.0 | 34.3 
C..........] Urie acid | 171 162 165 178 
| 70] 14.7] 18.6] 18.5 
E.. ....| TPN | 12.9 12.6 | 11.7 12.1 
ADP | 54.5 | 49.7 | 49.4) 50.1 
G.........| UDP-glucoset | 11.0 2.3 3.2 3.3 
467 471 457 
L Unknown 
GTP 26.2 | 25.0} 22.2 | 25.9 


* Calculated as umoles per 1. Actual amounts of nucleotides 
added and determined have been multiplied by 100 to make the 
values directly comparable with those in blood, as determined in 
this method. 


+ Tentative identification. Consult text. 


column, with use of the 0.01 N formic acid, its position coincided 
with the second of the small peaks from A. No unequivocal 
identification of this second A peak could be made because of the 
small amount of material available. The first of the small peaks 
is still unidentified. 

The identity of Peak L is unknown. It does not appear to be 
adenosine tetraphosphate since this compound elutes slightly 
later and can be resolved from ZL in our system. 

To test the ability of this fractionation system to resolve and 
determine quantitatively the nucleotides shown to be present in 
blood extracts, a synthetic mixture was prepared as shown in 
Table I. The recoveries in replicate analyses are indicated. 
The poorest recoveries are with Peaks A and G2, the ones least 
well characterized. The recovery of AMP is too high, suggest- 
ing that some might have arisen from breakdown of, for example, 
ADP. In evaluating these recovery data it should be borne in 
mind that the amounts are actually .01 of the figures indicated 
since all data are calculated in terms of 1 1. of blood when in fact 
only a 10-ml. sample is used. 

It has been generally assumed that nucleotides do not appear 
in the plasma. Willoughby and Waisman (4) found small 
amounts of three compounds in plasma but did not characterize 
them. We have found only two components in plasma. A 
typical chromatogram is shown in Fig. 1B. The second peak is 
uric acid as can be established by its spectrum and its position in 
the elution pattern. The first peak appears not to be a purine 
or pyrimidine on the basis of its spectrum. This would confirm 
the hypothesis that the blood nucleotides are confined within the 
cells and do not appear in the plasma. 

Since the bulk of the blood nucleotides is contained in the red 
cells (assuming a negligible contribution from other formed ele- 
ments), we have corrected all our values to standard hematocrit 
values of 42 per cent (female) and 47 per cent (male). The con- 
centration of each compound is expressed as micromoles per liter 
of whole blood. 

Urie acid, which is found in both cells and plasma, cannot be 
corrected for hematocrit. Furthermore, it is worthy of note 
that the concentration of uric acid in whole blood by the above 
procedure is usually less than the concentration of uric acid in 
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plasma as determined by the ordinary colorimetric procedure. 
There are many factors which preclude a simple comparison here. 
It does appear, however, that the recovery of uric acid from the 
synthetic mixture (Table I) is reasonably good. 

The concentration of the blood nucleotides in 13 samples of 
blood from normal male subjects and 8 samples of blood from 
normal female subjects is presented in Tables Il and III. Means 
and standard deviations (as percentage of means) are indicated. 
Peaks A, Gz, and L have been omitted because their identity is 


II 
Nucleotides in normal male blood 


Concentration expressed as micromoles of compound per liter 
of whole blood and corrected to hematocrit of 47 per cent red 
cells. 


Subject | DPN | Uric | amp | TPN | ADP | ATP | GTP | ato- 
| | be 
DR. {29 | 143 | 9 | 11 | 60 | 436 | 26 | 
DR. | 28 | 148 9 |62 | 411 | 36 | f 
DR |166 | 8 |10 | 73 | 457 | 24 | 
CB | 34 | 148 | 8 47 | 428 | 23 | 
AB | |32 |150 | 4 |10 | 63 | 549 | 25 | 46 
| 45 | 586 31 | 45 
LW 11146 | 6 | 14 | 36 | 416 | | 49 
IW 2 | 153 | 2 2 | 34 | 439 | 22 | 48 
DY. | 34 | 131 | 6 6 | 50 | 405 | ¢ | 51 
SZ... 28 §149 | 5 |12 | 35 | 420 | 2 | 48 
RW. | 24 9% 4 #|10 | 32 87 | 13 | 53 
RT. 7 |10 | &5 |13 | 40 | 376 | 23 | 52 
Mean.........| 29.8 | 140.9 6.2/ 11.6 | 47.8 | 433.2 24.5 
100 17.1 16.1 50.0 | 14.7 | 27.2| 16.9| 24.0 
mean 


* Not corrected for hematocrit, since it is distributed in the 
plasma as well as the cells. 
+ Not measured, assumed to be 47 per cent. 


t Poor resolution. 


Taste II! 
Nucleotides in normal female blood 


Concentration expressed as micromoles of compound per liter 
of whole blood and corrected to hematocrit of 42 per cent red 
cells. 


Subject DPN acid® | AMP TPN _ ADP | ATP | GTP | ato- 
| crit 
AM | M8 | 7 | 48 | 378 | | 
GL | M6 11 48 | 427 | | 35 
ER 40 | 6 | 12 | | 508 | 25 | 36 
DK 36 142 4 12 | 42 | 50D | 26 | 41 
JM 30 48 | 414 | 26 | 46 
DZ 4 3 134 | 387 | 28 47 
SL 29 111 6 |10 | 46 | 384 | 2 | 43 
| | | | | 
Mean 32.4 135.1 5.1 | 11.2 | 46.6 | 424.8 26.4 
s. d. | 
—— < 100 | 16.4.) 19.8 25.5 | 10.7) 15.0; 13.4 8.0 
mean 


* Not corrected for hematocrit, since it is distributed in the 
plasma as well as the cells. 
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not certain. Table II includes some replicate determinations in 
two subjects. Some of the variability may be physiological and 
some analytical. 

At one stage of this investigation it was thought that time 
could be saved by pipetting the blood sample into the trichloro- 
acetic acid and freezing the mixture. The rest of the extraction 
was then performed when convenient. Every sample run in this 
way showed a depressed ATP peak and an elevated ADP peak.® 
This procedure was therefore abandoned. In similar vein, Wil- 
loughby and Waisman (4) noted that when blood was lysed be- 
fore extraction, the ADP rose and the ATP tended to fall. 

In none of the chromatograms to date has there been evidence 
of inosinic acid. This compound has been reported (3) as oc- 
curring in stored blood although notin fresh normal blood. This 
compound is eluted between TPN and ADP and can be quite 
easily resolved in either the gradient elution system (3) or our 
system. To detect the presence of inosinic acid in another way, 
two blood extracts were poured onto Dowex 1-formate columns 
and washed with water in the usual manner. The adsorbed 
nucleotides were then eluted with 4 N formic acid-1 M ammonium 
formate. This eluate was taken to dryness and hydrolyzed with 
HC1O,. After neutralization, the supernatant was poured onto 
a column of Dowex 50, H+. Elution was started with 1.5 Nn 
HCl. There was a small peak in the position for hypoxanthine, 
which gave an ultraviolet spectrum characteristic of that com- 
pound. For this reason one would not like to state that inosinic 
acid (or other hypoxanthine nucleotides) are completely absent 
from the blood, although certainly the amount in freshly drawn 
blood must be negligible. 

Since there are fairly large quantities of nucleotides in the 
blood, we wondered whether free purines or pyrimidines or their 
nucleosides might also be present in the blood. The presence of 
such compounds would suggest possible metabolic pathways. 
Since these compounds are not adsorbed by Dowex 1-formate it 
was decided to fractionate the material from blood extracts which 
was not adsorbed by such columns. The water wash from two 
columns was combined and freeze-dried. This nonadsorbing ma- 
terial was fractionated on 20 X 1-cm. columns of Dowex 50, H* 
form, by the method of Wall (11). Only two very small peaks 
could be seen. The first peak had no distinct spectrum of a 
purine or pyrimidine; the second could have been hypoxanthine 
or inosine. No cytosine, adenine, or guanine was found. 

It might be of interest to point out that although Wall reported 
that uracil could be eluted from this type of column with 1.5 N 
HCl, we have found that uracil will not adsorb to this column if 
the column is thoroughly washed with water before elution with 
acid is begun. Therefore we cannot be certain that uracil (or 
uridine) is absent from the blood extract, although this is prob- 
ably the case. The behavior of the various ribonucleosides is 
quite similar to that of the free bases except that they are not 
held as tightly by the column. Both the free bases and their 
ribonucleosides elute in the order given by Wall, but at lower acid 
concentration than he reports. 

From these fractionations one can conclude that virtually all 
of the acid-soluble purines and pyrimidines of whole blood are 
present as their nucleotides. Of course uric acid must be ex- 
cepted from this statement. 


6 In all blood samples processed to date, the ratio, ADP/ 
(ADP + ATP), has been approximately 0.1. In the blood samples 
frozen with trichloroacetic acid this ratio was at least doubled. 


DISCUSSION 


From the data in Tables II and III it can be seen that the fol- 
lowing compounds occur in whole human blood in relatively con- 
stant amounts: DPN, TPN, AMP, ADP, ATP, GTP, and uric 
acid. It is perhaps of interest to point out that the variability 
of DPN, TPN, and ATP is nearly identical in both the male and 
female subjects, whereas the variability of most of the other con- 
stituents differs more widely. 

It has been generally accepted that nucleotides do not cross 
cell membranes and therefore are not found in the plasma. Fig. 
1B indicates that with the exception of uric acid, virtually none 
of the compounds studied here is to be found in the plasma. This 
is in agreement with the data of Willoughby and Waisman (4), 
Uric acid is of course not a nucleotide. 

In 1952, Rottino et al. (2) reported that the amount of ATP 
in whole human blood was 6.0 mg. of adenine per 100 ml. of 
blood, and that the amount of AMP plus ADP adenine was 0.78 
mg. Those figures recalculated as micromoles of compound per 
liter of whole blood (but without hematocrit correction) are 444 
and 57, respectively. These values, procured by enzymatic 
methods, are remarkably similar to our values of 433 and 54 
(male) and 425 and 52 (female), respectively. 

The establishment of the average concentration and variability 
of the nucleotides in human blood is a necessary prerequisite to 
the study of these compounds in pathological situations. The 
exact role of each compound cannot be completely elucidated at 
present but the mature, non-nucleated, mammalian red cell has 
certain peculiar functions as a cell. Most important, it must 
maintain hemoglobin in the reduced state. The citric acid cycle 
is essentially inactive (12), and the hexose monophosphate shunt 
assumes greater importance than is usually the case with the 
other cells. 

The presence of adenine compounds in blood has been known 
for many years, but the presence of GTP has not been well estab- 
lished. No other guanine compounds were found in this study. 
Guanine nucleotides have been reported in other tissues such as 
blood platelets (13), bovine lens and cornea (14), barley and oat 
plants (15), and cerebral tissue (16). Cytosine and uracil nu- 
celotides such as CDP-choline and UDP-glucose should not be 
unexpected since their metabolic importance is already recog- 
nized. The absence of appreciable amounts of inosinic acid in 
freshly drawn blood is interesting. 


SUMMARY 


By the use of Dowex 1-formate columns and a system of non- 
gradient elution the following nucleotides have been found in 
normal human blood: diphosphopyridine nucleotide, triphos- 
phopyridine nucleotide, adenosine mono-, di-, and triphosphate, 
and guanosine triphosphate. Their mean concentrations and 
variability have been calculated for a series of ten male and eight 
female subjects. 

Inosinic acid was not found in freshly drawn blood. 

With the exception of uric acid, all of the purines and pyrimi- 
dines in whole human blood seem to be present as nucleotides, : 
with none appearing as free bases or ribonucleosides. 


Acknowledgment—The authors gratefully acknowledge the 
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Amino Acid Dependent Exchange between Pyrophosphate 
and Adenosine Triphosphate in Spinach Preparations* 


ABRAHAM MarcustT 


From the Department of Biochemistry, University of Chicago, Chicago, Illinois 


(Received for publication, November 7, 1958) 


Chloroplasts have been considered primarily as the site of 
light-catalyzed COs fixation and photosynthetic phosphoryla- 
tion. The present investigation was initiated in order to obtain 
further information on the question of protein synthesis as an 
integral function of chloroplasts. Towards this end a study was 
made of the activation of amino acids, a reaction generally re- 
garded as the first step in protein synthesis (1-3). With the 
finding, as will be shown, that chloroplasts contain a separate 
system of amino acid activation, comparative studies were made 
with spinach cytoplasm. After this work was completed, a simi- 
lar but more limited study was reported by Clark (4). 


EXPERIMENTAL 


The crude extract was prepared by grinding spinach leaves, 
with sand in a mortar, with an equal volume of cold 0.35 m 
NaCl. After filtration through cheesecloth, the mixture was 
centrifuged for 2 minutes at 200 X g to remove the sand and 
cell debris, and the supernatant fluid was employed as crude 
extract. Chloroplasts were obtained by centrifuging the crude 
extract for 7 minutes at 1000 x g and suspending the precipitate 
in 4 ml. of 0.35 m NaCl for every 10 gm. of spinach. Washed 
chloroplasts were prepared by suspending the green pellet in a 
volume of 0.35 m NaCl twice that originally used in the homogen- 
ization and centrifuging for 7 minutes at 1000 x g. The pre- 
cipitate was suspended in 0.35 m NaCl and centrifuged for 10 
minutes at 13,000 x g. The pellet obtained was washed by 
decantation with a similar volume of 0.35 m NaCl and finally 
suspended as described above for unwashed chloroplasts. Cyto- 
plasm was obtained by centrifuging the crude extract for 2 hours 
at 100,000 < g in a Spinco ultracentrifuge. For most of the ex- 
periments, the cytoplasm was concentrated by partial lyophiliza- 
tion to a point at which the solution contained 10 mg. of protein 
per ml. This preparation was stored at —20°. Dialyzed cyto- 
plasm refers to cytoplasm that had been dialyzed for 16 to 20 
hours against 400 volumes of 0.02 m Tris! buffer of pH 7.3. In 
all studies with chloroplasts, fresh preparations were employed. 

Radioactive pyrophosphate was prepared by heating Na>- 
HPQ, at 250° for 24 hours (5) and purified by chromatography 
on Dowex 1 (5). The material used was completely free from 
orthophosphate. Pyrophosphate and ATP were determined by 


* This work was aided by a grant from the American Cancer 
Society. 

+t Postdoctoral Fellow, United States Public Health Service 
(1956-1958). Present address, Plant Industry Station, United 
States Department of Agriculture, Beltsville, Maryland. 

The abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 


hydrolysis for 10 minutes in 1 N HCl, orthophosphate being esti- 
mated according to Fiske and SubbaRow (6). Protein was de- 
termined according to Lowry et al. (7). 

All amino acids were obtained from California Foundation for 
Biochemical Research. The complete amino acid mixture con- 
tained the following amino acids with the concentration given in 
moles per ml.: alanine, 1.5; arginine, 2.5; aspartic acid, 2.5; 
glutamic acid, 5.0; glycine, 2.5; histidine, 0.5; hydroxypropline, 
0.5; isoleucine, 1.5; leucine, 5.0; lysine, 2.5; methionine, 0.5; 
phenylalanine, 1.5; proline, 1.5; pL-serine, 2.5; pt-threonine, 2.5; 
tryptophan, 0.5; valine, 2.5; and tyrosine, 2.5. 

Assay Procedure—The incubation mixture contained 100 umoles 
of Tris buffer, pH 6.9, 2 umoles of pyrophosphate-P®, 10 umoles 
of NaF, 10 umoles of MgCle, 2 umoles of ATP, 0.20 ml. of amino 
acids and enzyme in a final volume of 1.0 ml. The reactions 
were stopped by addition of 0.6 ml. of 20 per cent trichloroacetic 
acid followed by 1.8 ml. of HO. The remainder of the procedure 
was similar to that of DeMoss and Novelli (2) with the following 
modifications. The deproteinized solution was transferred to 
1 ml. of a solution containing 0.8 m sodium acetate, 0.24 mM 
KH2PO,, and 0.24 m Na,P,0;; and about 50 mg. of acid-washed 
Norit were added. The charcoal was separated by centrifuga- 
tion, washed twice with H.O, three times with 0.05 m acetate, 
pH 4.5, and once with H,O. Per cent exchange is calculated 
as specific activity of ATP divided by 0.5 (specific activity of 
pyrophosphate) or 0.67 (specific activity of orthophosphate). 
Specific activity figures are counts per minute per micromole. 


RESULTS 


, Exploratory studies were first performed with the crude ex- 
tract of spinach to ascertain the presence of amino acid-dependent 
exchange of pyrophosphate into ATP. As shown in Table I, 
addition of amino acids stimulated the exchange 2-fold. When 
phosphate was substituted for pyrophosphate, a small but re- 
producible incorporation was obtained. The phosphate ex- 
change was stimulated 3-fold by light but the pyrophosphate 
exchange was unaffected. 

When the homogenate was fractionated by centrifugation, it 
was found that 90 per cent of the activity remained in the cyto- 
plasm obtained after 2 hours at 105,000 x g. As shown in Ta- 
ble I, dialysis for 16 hours at 0-4° allows complete retention of 
activity while increasing the amino acid stimulation from 3-fold 
to 11-fold. This experiment was performed with a preparation 
that had been stored at —20° for 48 hours after dialysis. With 
freshly dialyzed enzyme, a 25-fold stimulation by the complete 
amino acid mixture was regularly obtained. If MgSO, was used 
in place of MgCl», addition of amino acids gave only 4-fold stimu- 
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TABLE I 
Pyrophosphate Exchange Reactions 


All mixtures were prepared as described in the assay procedure. 
In the experiments with inorganic P®, 4 umoles were added. In 
Experiment 1, 0.1 ml. of crude extract was added; the specific ac- 
tivities of the phosphate and pyrophosphate were 12,500 and 6,700, 
respectively, and the mixture was incubated for 20 minutes at 24°. 
In Experiment 2, 0.05 ml. of cytoplasm was added; the specific 
activities of the phosphate and pyrophosphate were 12,500 and 
10,500 c.p.m. per umole, respectively, and the reaction mixture 
was incubated for 15 minutes to 30°. In Experiment 3, 0.1 ml. of 
chloroplasts was added and the specific activity of the pyrophos- 
phate was 13,400. In Experiment 4, 0.3 ml. of chloroplasts was 
added and the specific activity of the phosphate was 12,000. In 
Experiments 3 and 4 incubation was for 15 minutes at 30° in the 
dark. 


| Exchange 
Experiment No. Without With 
amino amino 
acids acids 
%o 
Experiment 1 | 
Crude extract, dark......................-| 8.3 18.8 
Crude extract, light....................... 7.0 16.6 
Crude extract + P*? in place of pyrophos- | 
Crude extract + P*, light................ | 2.9 
Experiment 2 
Cytoplasm, undialyzed.................... 4.8 16.0 
Cytoplasm, dialyzed...................... 1.4 16.0 
Cytoplasm, dialyzed, + MgSQ, in place of 
Cytoplasm, dialyzed, + P* in place of py- | 
0.1 
Experiment 3 | 
Chloroplasts, unwashed.................... 2.3 12.8 
Chloroplasts, washed 3 times.............. — 0.5 5.0 
Chloroplasts, washed 3 times, + | 
Experiment 4 | 
Chloroplasts, unwashed, + P*%............ | 6.8 11.0 
Chloroplasts, washed 3 times, + P*....... 6.1 


lation. Separate experiments showed that this was due to catal- 
ysis by sulfate of the pyrophosphate-ATP exchange. As shown 
in Table I, the sulfate exchange is additive to that catalyzed by 
amino acids. Phosphate exchange is not catalyzed by the cyto- 
plasm. Dialyzed cytoplasm shows a complete requirement for 
Mg++, reaching saturation at a concentration of 8 umoles per 
ml. 

Experiment 3 (Table I) shows the effect of added amino acids 
on the pyrophosphate-ATP exchange with chloroplasts. Thus 
a 5-fold stimulation is obtained with unwashed chloroplasts. 
Washing the chloroplasts three times (see ‘“Experimental”’) re- 
moved only 50 per cent of the activity and increased the amino 
acid stimulation to 10-fold. The thrice-washed chloroplasts also 
show significant sulfate-catalyzed exchange of pyrophosphate. 
When phosphate was substituted for pyrophosphate, it was 
found that the chloroplasts catalyzed an amino acid-stimulated 
exchange which was not removed by washing (Experiment 4). 
Such an exchange was completely absent in the cytoplasm (Ex- 
periment 2). It should be noted that 3 times as much of the 
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chloroplast preparation was used for the phosphate exchange, so 
that the pyrophosphate exchange is at least 3 times as rapid. 

The amino acids were tested individually for ability to cata- 
lyze the exchange with both cytoplasm and chloroplasts, the 
cytoplasm being freshly dialyzed. The quantity of cytoplasm 
or chloroplasts added was very small so as to minimize the possi- 
bility that the enzyme preparation itself would supply saturat- 
ing quantities of an amino acid. As can be seen in Table II, 
ten amino acids show definite activation with cytoplasm and 
nine with chloroplasts. The criteria used are a consistent stim- 
ulation of more than 50 per cent over the control without amino 
acid. Thus the amino acids for which figures are given in only 
one column gave less than 50 per cent stimulation with the other 
preparation. Of the other amino acids not shown, all with the 
exception of glutamic and aspartic acids show small stimulations, 
which, however, never exceed 50 per cent. The most interesting 
findings were a large stimulation by lysine and a small stimula- 
tion by isoleucine in cytoplasm as contrasted to the results with 
chloroplasts. The lysine preparation gave only one ninhydrin 
spot, corresponding to the reported rate of migration (8) when 
chromatographed in methylethylketone and water. In addition, 
a-ketoglutaric, acetic, and pipecolic acids were inactive in the 
exchange assay, indicating that it is most probably lysine itself 
which is activated. Lysine is saturating at about 0.3 umoles per 
ml. as compared with 0.35 and 0.2 umoles per ml. for the complete 
amino acid mixture and leucine, respectively. 

In further studies with cytoplasm, it was found that at pH 8, 
valine was the most active amino acid. In addition, 50 per cent 
inhibition of the exchange was obtained by addition of 100 umoles 
of phosphate or 125 umoles of imidazole hydrochloride at pH 7 
to an assay mixture buffered with Tris. 


TABLE II 


Individual amino acids in pyrophosphate-ATP exchange 
with cytoplasm and chloroplasts 


The complete system was that described in the assay proce- 
dure. The amino acids were tested at a concentration of 2 umoles 
per ml. In the experiment with cytoplasm, 0.02 ml. of a freshly 
dialyzed enzyme preparation was added; the specific activity of 
the pyrophosphate was 33,000 c.p.m. per umole and the incuba- 
tion time was 15 minutes at 30°. In the experiment with chloro- 
plasts, 0.10 ml. of chloroplasts washed three times was added; 
the specific activity of the pyrophosphate was 13,550 and the in- 
cubation time was 15 minutes at 30° in the dark. 


c.p.m. incorporated 
Amino acids 
Cytoplasm Chloroplast 

| 458 244 
Asparagine............. 142 114 
126 138 
Tryptophan. ........... 108 

Isoleucine.............. 100 318 


| 
‘ 
) 
| 
| 
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To compare the activity of the spinach cytoplasm with pre- 
viously described preparations, an experiment was performed in 
which 0.6 mg. of protein exchanged 0.37 umoles of pyrophosphate 
during 10 minutes at 37°. Thus the activity of the preparation 
is 3.7 uwmoles exchanged per mg. of protein per hour; this com- 
pares favorably with other sources of this activity (9). 


DISCUSSION 


After completion of this work, several studies of amino acid 
activation in plant materials were reported (4, 10, 11). The 
first two were concerned solely with crude extracts or cytoplasmic 
preparations. The study of Webster with pea ribonucleoprotein 
particles (11) suggests that these particulate preparations retain 
amino acid-activating enzymes. The present report extends 
these findings to a thoroughly washed particulate preparation. 

The presence in chloroplasts of the amino acid activation re- 
action, which is presumably involved in protein synthesis, is in 
accord with studies of Sissakian (12). By way of contrast, it has 
been shown by James and Das (13) that Krebs’ cycle activity is 
completely absent in chloroplasts. These results suggest that 
the chloroplasts may possess appropriate mechanisms for pro- 
tein synthesis with utilization of photosynthetically synthesized 
ATP in place of that normally generated by oxidative reactions 
in nonphotosynthetic tissue. 

Sulfate activation has been described in preparations from 
liver, yeast, and Neurospora (14-16). The results herein re- 
ported establish the presence of this reaction in both spinach 
cytoplasm and chloroplasts. Such activity may be pertinent to 
the biosynthesis of sulfolipides which have recently been found 
in large concentrations in plants (17). In addition, the diffi- 
culty in lowering the nonamino acid-dependent pyrophosphate 
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exchange reported by Davis and Novelli (10) may have been 
due to sulfate added as the anionic component of magnesium 
sulfate. 

The light-catalyzed exchange of orthophosphate in the pres- 
ence of whole spinach homogenate (Table I, Experiment 1) has 
been studied in greater detail. Neither chloroplasts nor cyto- 
plasm alone catalyzes the reaction. However, the reaction is 
again apparent when both are combined. Under some condi- 
tions, the cytoplasm may be boiled at 100° with complete re- 
tention of activity. In addition, the boiled cytoplasm can be 
replaced by any of the synthetic cofactors for photosynthetic phos- 
phorylation (18, 19). It therefore appears that the apparent 
light-requiring exchange of phosphate into ATP is due to de- 
phosphorylation of ATP followed by rephosphorylation of the 
ADP formed in a photosynthetic phosphorylation, with the cyto- 
plasm providing a necessary cofactor. 

The stimulation of orthophosphate exchange by amino acids 
ii the presence of chloroplasts (Table I, Experiment 4) has not 
been studied in further detail except to establish the absence of 
the reaction in the cytoplasm. The only other report of such a 
reaction is that of Eggleston (20), who noted a similar amino 
acid-stimulated exchange in Escherichia colt. 


SUMMARY 


The activation of amino acids in spinach cytoplasm and chloro- 
plasts has been demonstrated. Leucine, lysine, and valine are 
responsible for most of the activity in the cytoplasm whereas 
leucine, isoleucine and valine are most active with chloroplasts. 
Other characteristics of the reaction in the cytoplasm are de- 
scribed. Sulfate activation in both preparations is also demon- 
strated and possible correlation to other studies is noted. 
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To test the hypothesis that carcinostatic purine and pyrimi- 
dine analogues exert their effects at the nucleotide level, we have 
undertaken the preparation and study of nucleotides, including 
coenzymes, which contain analogues in place of the natural 
bases. An earlier communication from this laboratory (1) de- 
scribed the enzymatic synthesis and isolation of 5’-nucleotides 
of a number of purine analogues. The present report is con- 
cerned with the preparation of the polyphosphate nucleosides. 
This has been accomplished chemically by use of the carbodi- 
imide procedure (2) and enzymatically with enzymes from beef 
liver and pork kidney. Most of the studies described below 
employ the unnatural nucleotide, 8-azaguanosine 5’-phosphate. 


EXPERIMENTAL 


Materiais—DPNH and the sodium salts of AMP, ATP, and 
GMP were purchased from the Pabst Laboratories. Phosphoryl- 
enolpyruvate (tricyclohexylamine salt) and NN’-dicyclohexyl- 
carbodiimide were products of the California Foundation for 
Biochemical Research. Lactic dehydrogenase, twice crystal- 
lized, (Worthington Biochemical Corporation) also served as a 
highly active source of pyruvate phosphokinase. Mononucleo- 
tides of the purine analogues and other materials were obtained 
or prepared as described previously (1). 8-Azaguanine-2-C™ 
(0.9 ye. per umole) was obtained from the Isotopes Specialties 
Company. This was converted to aza-GMP-2-C™! by reaction 
with 5-phosphoribosyl-1-pyrophosphate as previously described 

1). 

Enzyme Preparations—The enzymes for phosphorylating nu- 
cleoside 5’-phosphates were obtained from pork kidney cortex 
and beef liver. Pork kidney cortex acetone powder (kindly 
furnished by Dr. David Gibson) was partially purified through 
the first ammonium sulfate step of the procedure of Sanadi et al. 
(3). The beef liver enzyme complex was partially purified by a 


* This work was supported in part by grants from the American 
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States Public Health Service. Preliminary reports of this work 
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+t Part of this work was performed during the tenure of a post- 
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t Scholar in Medical Sciences of the John and Mary R. Markle 
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'The abbreviations used are: aza-GMP, S8-azaguanosine 5’- 
phosphate; aza-GDP, 8-azaguanosine diphosphate; aza-GTP, 8- 
azaguanosine triphosphate; Tris, tris(hydroxymethy!)amino- 
methane. 


procedure similar to that briefly described by Strominger et al. 
(4). All operations were performed at ice bath temperatures 
unless otherwise stated. Twenty gm. of beef liver acetone pow- 
der were suspended in 200 ml. of water and stirred for 1 hour. 
The supernatant fluid obtained after centrifugation was ad- 
justed to pH 5.0 by careful addition of 1.0 mM acetic acid. The 
precipitate obtained by centrifugation (10,000 x g for 20 min- 
utes) was discarded and the supernatant fluid was adjusted to 
pH 6.3 with 1.0 M ammonium hydroxide. The solution was 
adjusted to a volume of 200 ml. and fractionated with ethanol 
at —5°. The precipitate formed upon slow addition of 100 ml. 
of 95 per cent ethanol (—15°) was removed by centrifugation 
and 100 ml. of 95 per cent ethanol (—15°) were added slowly to 
the supernatant fluid. After stirring for 30 minutes at —5° the 
precipitate was collected by centrifugation, dissolved in 20 ml. 
of 0.1 m Tris-HCl, pH 7.3, dialyzed overnight against two changes 
of 1 1. each of 0.001 m Tris-HCl, pH 7.3, and stored at —15°. 
Determinations—lon exchange chromatography (5, 6), and the 
chemical determinations of pentose (7) and phosphate (8) were 
performed as described previously (1). All spectrophotometric 
determinations were carried out in a Beckman model DU spee- 
trophotometer with photomultiplier attachment. Nucleotides 
were separated by paper chromatography with ammonium ace- 
tate-ethanol (9) and ammonium isobutyrate-isobutyrie acid (10) 
solvent systems. Nucleoside monophosphokinase activity was 
measured spectrophotometrically with pyruvate phosphokinase 
and lactic dehydrogenase as the indicator system (11). Samples 
containing C'™ were plated on aluminum disks and counted at 
infinite thinness in a windowless gas flow proportional counter. 
Chemical Synthesis, Isolation, and Characterization of aza-GDP 
and aza-GTP from aza-GM P—The synthesis of S8-azaguanosine 
polyphosphates was accomplished by the reaction of aza-GMP 
and orthophosphorie acid with V.V’-dicyclohexylearbodiimide by 
the method described by Smith and Khorana (2). The reaction 
mixture which contained aza-GMP (120 wmoles of the free acid) 
as the lyophilized dry powder, 85 per cent orthophosphorie acid 
(116 mg., | mmole), tri-n-butylamine (0.5 ml., 2.1 mmoles), pyr- 
idine (2 ml.), and NN’-dicyclohexylearbodiimide (1.03 gm., 5.0 
mmoles) was allowed to react for 56 hours at room temperature. 
The reaction mixture was subsequently diluted with 10 ml. of 
water and the dicyclohexylurea was removed by filtration. Pyr- 
idine was extracted with diethyl ether, and the residual aqueous 
solution was added to a Dowex |-formate column (10 em. x 3 
cm.?, 200 to 400 mesh, 10 per cent cross-linked) and eluted by the 
gradient technique (5). The mixing flask contained 500 ml. of 
water and the reservoir flask the following solvents: water to 
elute the remaining pyridine; 1.5 M ammonium formate, pH 5.0, 
to elute aza-GMP and aza-GDP; and 3.0 M ammonium formate, 
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TABLE I 
Ry values of 8-azaguanine and 8-azaguanine-containing 
compounds in ascending paper chromatograms 


Solvent systems for ascending paper chromatography: 95 per 
cent ethanol, 1.0 M ammonium acetate, pH 7.3, (7:3); isobutyric 
acid, ammonium hydroxide, pH 4.5, (10:6); Whatman No. 1 filter 


paper. 


Solvent system 


Isobutyric acid-am- 


monium isobutyrate, 
pH 4.6 


Ethanol-ammonium 
acetate, pH 7.5 


8-Azaguanine............. 0.44 0.52 
8-Azaguanosine........... 0.74 0.62 


pH 5.0, to elute aza-GTP, respectively. The recovery of 8-aza- 
guanosine phosphates after ion exchange chromatography was 
approximately 71 percent. This included 3 umoles of unchanged 
aza-GMP, 2 umoles of aza-GDP, and 80 umoles of aza-GTP. 

The fractions containing the nucleotides were adsorbed on 
columns (3.0 cm. X 1.0 cm.?) containing a mixture of equal 
amounts of Celite and Darco 8-51, eluted with a solvent system 
containing 50 per cent ethanol and 3 per cent NH,OH, and dried 
in a vacuum. Recoveries of the nucleotides from the charcoal 
columns varied from 45 to 77 per cent. 

The ultraviolet spectra of aza-GDP and aza-GTP at acid, 
neutral, and alkaline pH values were identical to the spectra 
reported for 8-azaguanosine (12) and aza-GMP (1). Each of the 
three peaks isolated by ion exchange chromatography was ana- 
lyzed chemically. 8-Azaguanine, pentose, acid-labile phosphate, 
and total phosphate were formed in the approximate molecular 
ratios of 1:1:0:1 in Peak I, 1:1:1:2 in Peak II, and 1:1:2:3 in 
Peak III, indicating that the three nucleotides isolated were aza- 
GMP, aza-GDP, and aza-GTP, respectively. 8-Azaguanine and 
its derivatives were submitted to paper chromatography in two 
solvents systems, ethanol-ammonium acetate and ammonium 
isobutyrate-isobutyric acid as shown in Table I. 


RESULTS 


Enzymatic Synthesis of aza-GT P—Various laboratories (13, 14) 
have demonstrated that the polyphosphate nucleosides of gua- 
nine can be formed by several enzymatic reactions. We have 
now shown that nucleotides of 8-azaguanine and other analogues 
can participate in these and similar reactions. The phosphory]- 
ation of these unnatural mononucleotides was measured spec- 
trophotometrically by the coupled reactions of pyruvate phos- 
phokinase and lactic dehydrogenase (11). With this indicator 
system any reaction which resulted in diphosphate nucleoside 
formation caused the oxidation of DPNH which was measured 
as a decrease in absorbancy at 340 mu. Fig. 1 shows a typical 
spectrophotometric determination illustrating the marked de- 
crease in optical density at 340 my when aza-GMP or GMP was 
added to the reaction mixture. 

When approximately 0.1 umole of nucleoside 5’-phosphates of 
other purine analogues (e.g. 2,6-diaminopurine, 6-mercapto- 
purine, and the pyrazolo(3,4-d)pyrimidine analogues of ade- 
nine, hypoxanthine, and guanine) were tested as in Fig. 1, 
marked differences in substrate specificity were noted. While 
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the nucleotides of 2,6-diaminopurine, 6-mercaptopurine, and of 
the pyrazolo(3 ,4-d) pyrimidine analogues of adenine and guanine 
reacted at different rates, the pyrazolo(3,4-d)pyrimidine afia- 
logue of the hypoxanthine nucleotide showed no appreciable 
activity in this reaction mixture. Although further examination 
of these findings is of importance, detailed kinetic studies com- 
paring these nucleotides will have to await separation and purifi- 
cation of the enzymes from this relatively crude mixture. 

Isolation and Characterization of aza-GTP Prepared Enzymati- 
cally—In order to obtain an enzyme preparation which contained 
high nucleoside monophosphokinase activity and was relatively 
free from nucleoside diphosphatase activity (15-17), beef liver 
acetone powder extract was purified according to the procedure 
described above. When examined with the spectrophotometric 
assay procedure, this beef preparation was active with the mono- 
nucleotides of 8-azaguanine and 2,6-diaminopurine but inactive 
with the mononucleotides of 6-mercaptopurine and of the pyr- 
azo:0(3 ,4-d)pyrimidine analogues of guanine, adenine, and hy- 
poxanthine. 

The reaction mixture (7.9 ml.) employed in an attempt to iso- 
late the polyphosphate nucleosides of 8-azaguanine contained 
0.7 ml. of MgCl, (0.1 m); 2.0 ml. of KCI (0.15 m); 0.07 ml. of 
ATP (0.01 m); 0.7 ml. of Tris-HCl buffer (1.0 m, pH 7.2); 1.63 
ml. of water; 0.8 ml. of phosphoryl-enolpyruvate (0.01 mM); 0.8 ml. 
of beef enzyme preparation, and 0.8 ml. of lactic dehydrogenase 
(diluted 1:100). To this was added 0.4 ml. of aza-GMP-2-C", 
0.9 wc. per umole (6.6 XK 10-3 m). After incubation at 37° for 
4 hours, the reaction mixture was heated in a boiling water bath 
for 2 minutes and then rapidly cooled. 

Paper chromatographic analysis of an aliquot (0.05 ml.) of the 
reaction mixture in two different solvent systems (Table 1) 
showed the appearance of two new radioactive compounds. The 
Ry values of one of these compounds were similar to the Rp 
values of chemically prepared aza-GTP. When this compound 


0.23~41MOLE GMP 


} 8-az0-GMP 


1 


TIME CMINUTES) 


Fic. 1. Spectrophotometric demonstration of polyphosphate 
nucleoside formation. Nucleoside 5’-phosphate was added at the 
arrow. No reaction occurred when the 5’'-monophosphate nucleo- 
sides were added without the pork or beef enzyme preparations. 
The reaction mixture (1.05 ml.) contained Tris-HCl buffer (1.0 m), 
pH 7.5, 0.1 ml.; KCI] (0.15 mu), 0.3 ml.; MgCl. (0.1 m), 0.1 ml.; ATP 
(0.001 m), 0.1 ml.; aza-GMP (0.001 m), 0.1 ml.; phosphoryl-enol- 
pyruvate (0.01 m), 0.1 ml.; DPNH (0.0037 m), 0.05 ml.; pork kidney 
enzyme (diluted 1:10), 0.1 ml.; lactic dehydrogenase (diluted 
1:100), 0.1 ml. (about 300 units). 
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was submitted to acid hydrolysis and chromatography, the Rr 
values corresponded with those of the free base, 8-azaguanine. 
The second new radioactive compound has not yet been identi- 
fied. No aza-GDP was detected by paper chromatographic 
analysis. 

Half of the heated reaction mixture was placed on an anion 
exchange column of Dowex 1-Cl (2 per cent cross-linked, 200 to 
400 mesh, 2 cm. X 0.3 cm.) and eluted according to a modifica- 
tion of the method of Carterand Cohn (6). Theaza-GMP and the 
unidentified radioactive compound were eluted from the column 
with 50 resin bed volumes of a solution of 0.01 m HCI-0.05 m 
KCl. Subsequently only negligible radioactivity was eluted 
with 50 resin bed volumes of 0.01 m HCI-0.1 m KCl and 0.01 m 
HCI-0.2 m KCI respectively. The column then was washed with 
10 resin bed volumes of water and the eluent was changed to 2 M 
HCl. A new radioactive product was detected between 1 and 
9 resin bed volumes. This product, presumed to be aza-GTP, 
represented approximately 14 per cent of the counts applied to 
the column. 


DISCUSSION 


The above studies describe the chemical synthesis of poly- 
phosphate nucleosides of 8-azaguanine, and more important, the 
enzymatic synthesis of polyphosphate nucleosides of this and 
possibly other purine analogues. While these findings do not 
establish the locus of action of these drugs at the coenzyme level, 
they do show that animal cells are capable of synthesizing un- 
natural coenzymes. Future studies should demonstrate whether 
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these compounds can replace or inhibit the action of the natural 
coenzymes. Earlier studies of Kornberg and Pricer (11) revealed 
that the triphosphate nucleoside of 2,6-diaminopurine can re- 
place adenosine triphosphate in the hexokinase reaction. 

This is the first direct demonstration of the formation of the 
triphosphate nucleoside of 8-azaguanine by a biological system. 
The inability to demonstrate aza-GDP in the reaction mixture 
can be attributed to the presence of a number of enzymes such 
as pyruvate phosphokinase, nucleoside diphosphokinase, and 
nucleoside diphosphatase. Lieberman et al. (13) have reported 
in similar studies with GMP, that GDP could not be demon- 
strated unless phosphoryl-enolpyruvate and pyruvate phospho- 
kinase were deleted from the reaction mixture. 


SUMMARY 


8-Azaguanosine di- and triphosphate have been synthesized by 
the interaction of 8-azaguanosine 5’-phosphate with N N’-dicyclo- 
hexylearbodiimide and phosphoric acid. 

The separation, purification, and characterization of the poly- 
phosphate nucleosides of 8-azaguanine are reported. 

8-Azaguanosine triphosphate has been prepared from 8-aza- 
guanosine 5’-phosphate by a partially purified enzyme prepara- 
tion from beef liver. 

Indirect spectrophotometric evidence suggests that the 5’- 
monophosphate nucleosides of 2,6-diaminopurine, 6-mercapto- 
purine, and of the pyrazolo(3 ,4-d)pyrimidine analogues of ade- 
nine and guanine may be phosphorylated by a partially purified 
pork kidney preparation. 
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I. UTILIZATION OF CYTIDINE-C" 
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The concept that the deoxyribose of deoxyribonucleic acid 
stems from the ribose of a nucleoside or nucleotide originates from 
experiments with N! labeled ribosylpyrimidines (1). Such com- 
pounds were readily utilized by the rat for the formation of RNA 
and DNA pyrimidines. Since it was known that the correspond- 
ing free pyrimidines were not incorporated, the conclusion was 
drawn that the ribonucleosides were incorporated as intact mole- 
cules into RNA and that the rat, furthermore, was able to trans- 
form ribose attached to a pyrimidine to deoxyribose without 
rupture of the glycosyl linkage. Such a reaction was subsequently 
definitely established in the rat by Rose and Schweigert (2) who 
demonstrated that the pyrimidine and ribose of uniformly labeled 
cytidine-C™ were incorporated to the same extent into the py- 
rimidine and sugar moieties of RNA and DNA pyrimidine 
nucleosides. These results were confirmed and extended in 
similar experiments with uniformly labeled 5’-phosphoribosy]- 
pyrimidines (3) and ribosyl- and deoxyribosylpyrimidines (4), 
and also in other mammalian and microbial systems (5-7). 

While such results quite firmly establish a reaction of this 
general type they give no indication whether the ribose reduction 
takes place at the ribonucleoside, mononucleotide or polynucleo- 
tide stage. Recently we have briefly described studies on the 
incorporation of cytidine-C"™ into DNA and into the acid soluble 
fraction of chick embryo cells in vitro (8). From dilution experi- 
ments with pools of nonlabeled deoxycytidine and deoxycytidine 
5’-phosphate the conclusion was drawn that the reductive step 
took place at the ribonucleotide level. The present paper gives a 
full account of these studies. 


EXPERIMENTAL 


Materials and Methods 


Cytidine-C", uniformly labeled, was purchased from Schwarz 
Laboratories, Inc. This material contained several radioactive 
impurities as judged by paper chromatography (9), two of which 
coincided with cytosine and cytidylic acid, respectively. Chro- 
matography on Dowex 50 (9) removed all these impurities. 

Deoxycytidine-C™ was prepared earlier (4). Deoxy-CMP* 
was formed through the action of a kinase from ascites cells on 
deoxycytidine in the presence of ATP® (10). Deoxycytidine (15 
pmoles), 100 wmoles of MgCl. and 20 wmoles of ATP were 
incubated with 2 ml. of enzyme. (300 mg. of acetone powaer of 
Ehrlich ascites tumor were extracted with 4 ml. of 0.1 m Tris! 


abbreviation used is: Tris, tris(hydroxymethyl)amino- 
methane. 


buffer, pH 7.4; the extract after centrifugation was used directly). 
Incubation was for 20 minutes at 37°. After precipitation of 
proteins with 0.3 ml. of 4 m perchloric acid the supernatant was 
chromatographed on Dowex 1 with 0.1 m formic acid (11). The 
deoxy-CMP peak was then rechromatographed on Dowex 50 
(9). Deoxy-CMP®* (0.62 umole) was recovered as a symmetrical 
peak (both with respect to radioactivity and light absorption). 
It was used after dilution with commercial nonradioactive ma- 
terial. 

Nonlabeled deoxyeytidine and deoxycytidine 5’-phosphate 
were purchased from the California Foundation for Biochemical 
Research. 

Conditions of Incubation—The preparation of the chick embryo 
mince was performed according to Friedkin et al. (12). The 
material for a whole set of experiments was pooled in a beaker on 
ice. Aliquot portions (usually 1 gm.) were weighed rapidly into 
Erlenmeyer flasks (25 ml.), and 2 volumes of ice-cold Tyrode 
solution and other additions as indicated were added. During 
incubation an atmosphere of 95 per cent oxygen + 5 per cent 
COs was maintained in the flasks which were shaken at 37° for 
the times indicated. At the end of the incubation the flasks 
were cooled in ice and 0.3 ml. (0.1 volume) of 4 m perchloric acid 
was added. 

Preparation of Polynucleotide Compounds—The incubation 
flasks were allowed to stand in ice for 10 minutes and then 
centrifuged. The precipitate was washed twice with 1 ml. of 
cold 0.6 m perchloric acid. The combined supernatant solutions 
were used for the preparation of the acid soluble compounds (see 
below). The precipitate was washed once with 70 per cent 
ethanol, twice with absolute ethanol, and finally with ether. 
Polynucleotides were extracted from this fraction according to 
Hammarsten (13). After separation into RNA and DNA (13), 
ribonucleosides and deoxyribonucleosides were obtained from 
each polynucleotide after enzymatic digestion by a combination 
of ion and starch chromatography (cf. 4). If necessary, they 
were degraded to the free bases as described earlier (4). 

Radioactivity determinations of the different fractions were 
carried out on infinitely thin samples in a Tracerlab Sc-18 win- 
dowless flow counter. 

Preparation of Acid Soluble Compounds—The perchloric acid 
extract was heated for 15 minutes on a boiling water bath, cooled, 
and neutralized (phenol red) with 4 nN KOH. This treatment 
served to transform pyrophosphates to the corresponding mono- 
phosphates and resulted in less than 5 per cent breakage of the 
eytosine-deoxyribose bond. About 2 umoles each of nonradio- 
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active deoxycytidine and deoxycytidine 5’-phosphate were added 
as carrier at this point. 

After centrifugation of the precipitated KCIO, the supernatant 
solution was chromatographed on Dowex 1 (11) resulting in a 
separation of cytidine (+deoxycytidine) from CMP (+deoxy- 
CMP). Each peak was then separately chromatographed on 
Dowex 50 (9) which resulted in a separation of deoxy-CMP from 
CMP and deoxycytidine from cytidine (and cytosine). The 
amounts of cytidine and CMP present in the experiment were 
calculated from the ultraviolet data and the determination of the 
total radioactivities. Good agreement was obtained between 
these two methods showing that no change in the specific activity 
of cytidine had taken place during incubation, and that the CMP 
formed had the same specific activity as cytidine. 

Deoxycytidine and deoxy-CMP, respectively, were recovered 
from the chromatograms after evaporation in a vacuum. Each 
material was dissolved in 0.2 ml. of water and aliquots (usually 
0.05 ml.) were subjected to chromatography on Whatman No. 3 
MM paper (9). The spots were localized with a Minerallite 
lamp, eluted with water, and their total radioactivity was de- 
termined. The amounts of deoxyribose compounds formed from 
cytidine-C™ was calculated from total radioactivity values, al- 
ways assuming an equal specific activity in the deoxycytidine 
and deoxy-CMP formed as in the precursor cytidine. 


RESULTS 


Intact Incorporation of Uniformly Labeled Cytidine-C'—It was 
first necessary to establish that chick embryo cells had the ca- 
pacity to incorporate cytidine into RNA and DNA without a 
more pronounced breakage of the pyrimidine-sugar bond. The 
data of Table I show that this is the case. The ratio between 
the specific activities of cytosine and ribose in the injected pre- 
cursor was within experimental limits the same as the correspond- 
ing ratios in cytidine isolated from RNA and deoxycytidine iso- 
lated from DNA. 

Factors Influencing Incorporation of Cytidine—A linear incor- 
poration of cytidine-C™ into both RNA and DNA pyrimidines 
was observed with time, up to 180 minutes. The relative spe- 
cific activities? after 180 minutes of incubation were as follows: 
RNA-cytidine, 4.31; RNA-uridine, 1.58; DNA-deoxycytidine, 
1.50; DNA-thymidine, 0.25. Two earlier time points fell on 
straight lines. Optimal incorporation into both RNA and DNA 
pyrimidines occurred at about 0.5 to 1 mM concentration of 
cytidine (Fig. 1). The age of the embryos considerably influ- 
enced DNA synthesis, while there was little effect on RNA syn- 
theses (Fig. 2). A similar effect on the incorporation of labeled 
thymidine into embryonic DNA was observed earlier by Friedkin 
et al. (12). 

Formation of Acid Soluble Compounds—Analysis of the cytidine 
and deoxycytidine containing compounds during the course of 
the incubation gave the results of Figs. 3and 4. The experiment 
was the same as in Fig. 2. Part of the added cytidine disap- 
peared quite rapidly and a quite small fraction of it was trans- 
formed to cytidine 5’-phosphates (Fig. 3). During the prepa- 
ration all cytidine phosphates were hydrolyzed to CMP and 
analyzed as such. In a separate experiment it was found that 
after 180 minutes of incubation more than 90 per cent of the cyti- 
dine phosphates were present as CTP. The specific activities 


2 Relative specific activity 
= 100 X e.p.m./umole in isolated compound 


¢.p.m./umole in precursor 
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of cytidine and cytidine phosphates after 180 minutes of incuba- 
tion were the same as that of the added cytidine-C", indicating 
the absence of appreciable dilution by endogenous cytidine com- 
pounds. Fig. 3 also shows that the age of the embryos did not 
appreciably influence the dissappearance of cytidine, while some- 
what more cytidine phosphates were formed by 5-day-old em- 
bryos than by 7- or 9-day-old embryos. 

Fig. 4 shows the very small accumulation of deoxycytidine and 
deoxycytidine phosphates in the same experiment. It should be 


TABLE I 
Incorporation of cytidine-C™ into RNA and DNA 
Uniformly labeled cytidine (2.4 umoles, 94,000 ¢.p.m./umole, 
C™ in ribose/C™ in cytosine = 1.35) was incubated with embry- 
onic cells under standard conditions for 3 hours. 


| | sugar 
/Nucleoside Pyrimidine Sugar in 
| | | rimidine 
| c.p.m./amole | 
RNA | | | | 
Cytidine... ...| 800 | 3650 | 4150 1.14 
DNA | | 
Deoxycytidine..._. | 2700 | 11530 | 1550 | 2.36 
Thymidine... | | 


counts/min./umole 


Fic. 1. Influence of concentration of cytidine on the incorpora- 
tion into RNA-cytidine and DNA-deoxyeytidine. @——®@, 
RNA-cytidine; +--+, RNA-uridine; A——A, DNA-deoxycy- 
tidine. 


2000+ 4 
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Fig. 2. Influence of age of embryos on the incorporation of cy- 
tidine. Cytidine-C!* (80,000 ¢.p.m./umole) = 0.5mm. 
RNA-cytidine (180 minutes of incubation); O——O, RNA-ceyti- 
dine (90 minutes of incubation); A--—-A, DNA-deoxyeytidine 
(180 minutes of incubation); A——A, DNA-deoxyeytidine (90 
minutes of incubation). 
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yumoles cytidine 


1 
+ 
60 120 180 
min. 


Fic. 3. Formation of cytidine phosphates from cytidine-C' by 
embryonic cells of different ages. The values indicate the total 
amounts of cytidine and cytidine phosphates (analyzed as CMP) 
present at different time points. Age of embryos: 0 and @, 5 
days; O and @, 7 days; A and A, 9 days. 


deox yc 

E 2p 
oO y- CMP 
1h 
i 
60 _ 120 180 
min. 


Fic. 4. Formation of deoxycytidine and deoxycytidine phos- 
phates from cytidine-C' by embryonic cells of different ages. 
The values are given as in Fig. 3. 


remembered that the values of this figure were obtained from 
measurements of total radioactivity in the paper chromato- 
graphic spots, and that the calculations involved the assumption 
that the specific activities of the deoxyribosyl compounds formed 
was the same as that of the administered cytidine-C“. The val- 
ues are therefore only of semiquantitative significance. It is 
evident, however, that the amounts of deoxy-CMP formed at the 
most represented a few per cent of the amounts of CMP. 

Dilution Effects of Nonlabeled Deoxyribosyl Compounds—We 
have earlier briefly described the influence of pools of nonlabeled 
deoxycytidine and deoxy-CMP on the incorporation of cytidine- 
C* into polynucleotides (8). In these experiments a suboptimal 
starting concentration of cytidine (0.1 mm) was chosen while the 
deoxyribosyl compounds were added in 0.5 mm concentration at 
the beginning of the incubation. 

Due to the low precursor concentration a closer analysis of the 
transformations in the acid soluble fraction was difficult to carry 
out. In order to be able to make such a study, a similar experi- 
ment was carried out at optimal (1.0 mm) cytidine-C™ concentra- 
tion. Only the dilution experiment with deoxy-CMP was re- 
peated since it could be shown (see below) that the nucleotide 
was very rapidly dephosphorylated by the cells. Consequently 


any dilution effects observed in such an experiment are caused by 
the presence of nonlabeled deoxycytidine and/or deoxy-CMP. 

Table II demonstrates that in this experiment no definite di- 
lution effect could be observed at any time. Analysis of the acid 
soluble fraction (Fig. 5) revealed that the presence of nonlabeled 
deoxy-CMP (and deoxycytidine) increased the amount of isotope 
incorporated into deoxycytidine up to 5-fold. No similar effect 
on the amount of isotcpe incorporated into deoxy-CMP was ob- 
served. These results which exclude a ribose — deoxyribose 
transformation with cytidine but not with CMP will be discussed 
later. 

Permeability Barriers Against Deoxy-CM P and Deoxrycytidine— 
Because of the importance of permeability effects for the inter- 
pretation of our results, experiments were conducted to test the 
penetration of deoxycytidine and deoxy-CMP into the cells. 

It could be shown (Table III) that deoxycytidine-C™“ was 
somewhat better utilized for the synthesis of DNA pyrimidines 
than cytidine-C™, and that the C™-ratio cytosine :deoxyribose 
was the same in the DNA-deoxycytidine as in the administered 
precursor. The deoxyribonucleoside was not incorporated into 
RNA pyrimidines. 

In experiments with deoxy-CMP® a specific utilization of the 
label for DNA synthesis could not be demonstrated (Table IV). 
Only small amounts of isotope were incorporated into both RNA 


II 
Influence of presence of deoxy-CMP on cytidine-C'* incorporation 
Cytidine-C'* (80,000 c.p.m./umole) = 1.0 mm; deoxy-CMP 
(when added) = 0.5 mM. 


No deoxy-CMP Plus deoxy-CMP 
45 105 180 45 105 180 
|minutes |minutes |minutes minutes |minutes | minutes 
RNA 
1020 | 2200 1090 | 2260 
320 | 595 255 | 605 
DNA 
Deoxycytidine ....... 250 | 705 | 1300 | 200; 655 | 1280 
Thymidine........... 45 |} 120; 220 30; 220 
a 
10+ 
-CMP..- 
g deoxy - CM > G 
> 
§ 
4 
eg | 
/ 
/ tidine | 
5 Jo2 
60 . 120 180 
min. 


Fia. 5. Effect of nonlabeled deoxy-CMP (and deoxycytidine) 
on the formation of radioactive deoxycytidine and deoxycytidine 
A and 


phosphates from cytidine-C'*. Age of embryos, 5 days. 
@, no deoxy-CMP added; A and O, plus deoxy-CMP. 
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TaBLeE III 
Comparison of incorporation of cytidine-C'* and deorycytidine-C™ 
Cytidine (80,000 c.p.m./umole) = 0.5 mm; deoxycytidine (20,000 
c.p.m./umole) = 0.5 mm, C4 in deoxyribose/C"™ in cytosine = 1.26. 
Degradation of the combined DNA-deoxycytidines from the 
incorporation experiments with deoxycytidine-C™ gave the fol- 
lowing values (c.p.m./umole): cytosine = 131; deoxyribose = 
160; deoxyribose/cytosine = 1.22. 


Relative specific activity in 
RNA | DNA 
Cytidine | Uridine Deoxycy- Thymidine 

| | 

Cytidine-C* | | 
90 minutes....... 2.25 Or | O@ |; OM 

| | 

Deoxycytidine-C' | | 
90 minutes ....... 0.04 0.02 | 0.98 0.66 
180 minutes ....... 0.05 0.03 | 1.78 | 1.43 

TABLE IV 


Utilization of deoxry-CM P®* by embryonic cells 


if 
Acid soluble fraction | 
D - Deoxy- 
CMP. | RNA DNA 
pmoles pumoles pmoles 
60 minutes....!| 0.49 0.70 0.85 0.030 | 0.046 
120 minutes....; 0.10 0.65 1.08 0.085 0.059 
180 minutes....| 0.01 0.55 1.12 0.10 0.077 


* Deoxy-CMP® (76,000 c.p.m. per umole) = 0.5 mM. 


and DNA. After enzymic digestion of the polynucleotides to 
5’-phosphates about equal specific activities were observed in all 
nucleotides (not shown in the table). It was also found that the 
deoxy-CMP added to the cells was rapidly dephosphorylated with 
the formation of inorganic phosphate and deoxycytidine (Table 
IV). 


DISCUSSION 


Friedkin et al. (12, 14) first described the use of chick embryo 
minces in studies on the incorporation of labelled thymidine (12) 
and deoxyuridine (14) into DNA. They found a rapid incorpo- 
ration of both deoxyribonucleosides into DNA-thymine. 

Our experiments were carried out with uniformly labeled cyti- 
dine-C“, This compound was incorporated into all polynucleo- 
tide pyrimidines. Furthermore, it could be shown that at least 
the incorporation into RNA-cytidine and DNA-deoxycytidine 
took place without rupture of the N-glycosyl linkage, 7.e. the 
embryonic cells could transform ribose bound to cytosine to de- 
oxyribose bound to cytosine. Similar evidence has been obtained 
earlier for several different organisms (2-7), and the existence of 
such a process has also been postulated to explain the results of 
experiments during which a comparison was made of the incor- 
poration of labeled simple precursors into the different carbon 
atoms of ribose and deoxyribose (15, 16). 


P. Reichard 


1247 


It is known from the work of Brummond et al. (17) and Korn- 
berg et al. (18) that the enzymic formation of both RNA and 
DNA requires the synthesis of nucleoside polyphosphates. Dur- 
ing the course of our investigation it was therefore of great in- 
terest to investigate the formation of ribonucleotides and deoxy- 
ribonucleotides in the acid soluble fraction from the embryonic 
cells. We could thus demonstrate that cytidine was quite rap- 
idly transformed to cytidine phosphates (mainly CTP) and that 
the concentration of the nucleotides had an order of magnitude of 
0.1 mm after 180 minutes of incubation. Another portion of 
cytidine was transformed to radioactive compounds which be- 
haved like UDP-glucose and UTP on a Dowex | chromatogram 
(11). The amount of uridine phosphates formed after 180 min- 
utes of incubation was about twice that of cytidine phosphates. 
Besides, a considerable part of the cytidine was degraded to uri- 
dine and uracil. 

It could also be shown that a small part of the cytidine was 
transformed to deoxycytidine and deoxycytidine phosphates. 
The concentration of these compounds after 180 minutes of in- 
cubation was of the order of 0.001 mm. 

The formation of cytidine and deoxycytidine phosphates agrees 
with the idea that in the chick embryo these substances are inter- 
mediates in RNA and DNA synthesis from cytidine-C™, in line 
with experiments with other systems (17-19). The experiments 
discussed so far, however, do not permit a conclusion about the 
stage of phosphorylation involved in the transformation of ribosy] 
to deoxyribosyl compounds. Pertinent to this question are the 
dilution experiments with nonlabeled deoxycytidine and deoxy- 
CMP. 

For the interpretation of such experiments it was necessary to 
know the permeability of the cells for these substances. From a 
review of the literature (e.g. (4, 20)) it was expected that the cells 
would be easily permeable to the nucleoside but impermeable to 
the nucleotide. This was also found to be the case. The pene- 
tration of deoxycytidine was demonstrated by the intact incor- 
poration of the labeled nucleoside into DNA-pyrimidines. The 
phosphorus from deoxy-CM P®, however, was incorporated non- 
specifically into RNA and DNA, probably via inorganic phos- 
phate, and deoxycytidine arose from the dephosphorylation of 
deoxy-CMP. This means that any effects on polynucleotide 
synthesis within the cells observed after the addition of deoxy- 
CMP were caused by deoxycytidine or inorganic phosphate and 
that negative dilution experiments with deoxy-CMP do not ex- 
clude the reaction taking place with nucleotides. 

In an earlier experiment (8) it was found that the deoxyribosy] 
compounds exerted a small dilution effect on the incorporation 
of suboptimal concentrations of cytidine-C“ into DNA-pyrimi- 
dines, but not into RNA-pyrimidines. At optimal cytidine con- 
centrations hardly any dilution effect was now found. Such ex- 
periments exclude the transformation of cytidine to deoxycyti- 
dine as an intermediate reaction in the formation of DNA, but 
not the transformation of CMP to deoxy-CMP. 

In the acid soluble fraction the presence of nonlabeled deoxy- 
cytidine did not influence the accumulation of labeled CMP or 
deoxy-CMP. However, a definitive increase in the formation of 
radioactive deoxycytidine was noticed. These effects again are 
incompatible with a reaction sequence of the following type: 
cytidine — deoxycytidine — deoxy-CMP — DNA. In such a 
sequence one would have expected a sharp decrease in the amount 
of isotope in deoxy-CMP, along with an increase in deoxycytidine. 
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All the results are compatible, however, with the following re- 
action sequence: 


Cytidine — CMP — deoxy-CMP — DNA 
{ 
deoxycytidine 


breakdown products 


In this scheme the added nonlabeled deoxycytidine is not ex- 
pected to dilute the amount of isotope entering deoxy-C MP from 
cytidine. However, an increased amount of isotope is trapped 
as deoxycytidine in the presence of the pool. 

It might be argued that cytidine and deoxycytidine could com- 
pete with each other for one “‘permease”’ when entering the cells 
and that, in the presence of an excess of cytidine, deoxycytidine 
is kept outside the cells. However, deoxycytidine does exert a 
definite effect on the accumulation of isotope in the deoxycytidine 
fraction, thus showing that it reaches metabolic sites inside the 
cells. 

While we believe that our experiments exclude a reduction at 
the ribosyl level they do not distinguish between mono-, di-, tri- 
phosphates, or polynucleotides as substrates. The latter pos- 
sibility seems a priort very unlikely because of Kornberg’s 
demonstration of the synthesis of DNA from nucleoside triphos- 
phates. Besides, we have been able to demonstrate that extracts 
from chick embryos (8) can transform very small amounts of 
UMP-2-C" to a compound identified as deoxy-UMP by its 
chromatographic behaviour and by its ability to enhance the 
growth of deoxyribonucleoside-less bacteria. No such transfor- 
mations were observed with uridine polyphosphates or with uri- 
dine. Such a reaction has not yet been demonstrated with CMP, 
because of difficulties in obtaining substantial amounts of CMP- 
C4. Nevertheless, one is tempted to generalize from the UMP 
experiments that the ribose reduction step takes place at the 
monophosphate level with CMP also. 
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Recently Grossman and Hawkins (21) described the enzymic 
formation of deoxyuridine and deoxycytidine from the corre- 
sponding ribonucleosides in extracts of Salmonella typhimurium 
LT 2. Later it was briefly reported that ribonucleotides also were 
transformed to deoxyribonucleotides (22). It is thus conceivable 
that the reduction can take a different course in bacteria than in 
embryonic cells. On the other hand less than 0.5 per cent of the 
ribonucleosides were transformed to deoxyribonucleosides after 
60 minutes in a rather crude bacterial extract (21), and it would 
seem quite possible that the ribonucleosides had first been phos- 
phorylated, then reduced to deoxyribonucleotides and finally de- 
phosphorylated to deoxyribonucleosides. 


SUMMARY 


A mince of chick embryo cells incorporated uniformly labeled 
cytidine-C™ into ribonucleic acid-cytidine and deoxyribonucleic 
acid-deoxycytidine without rupture of the glycosyl linkage, show- 
ing that the cells could transform pyrimidine bound ribose to 
pyrimidine bound deoxyribose. Uniformly labeled deoxycy- 
tidine-C“ was similarly incorporated into deoxyribonucleic 
acid-deoxycytidine, while the isotope of deoxycytidine 5’-phos- 
phate-P® was only incorporated after degradation to inorganic 
phosphate. Thus the cells were permeable to the nucleosides 
but not to the deoxyribonucleotide. 

During incubation cytidine-C™ was transformed to acid soluble 
cytidine phosphates and, to a much smaller extent, deoxycytidine 
phosphates and deoxycytidine. 

Addition of a pool of nonlabeled deoxycytidine influenced very 
little the incorporation of cytidine-C™ into deoxyribonucleic acid 
or the formation of labeled deoxycytidine phosphates, while the 
amount of isotope trapped in deoxycytidine was increased con- 
siderably. The experiments are interpreted to show that cyti- 
dine is not directly transformed to deoxycytidine. It is likely 
that a transformation of cytidine 5’-phosphate to deoxycytidine 
5’-phosphate takes place. 
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In the past, experiments in vitro with suspensions of Ehrlich 
ascites cells in studies of nucleic acid biosynthesis have usually 
been done in isotonic salt media, such as that of Robinson (2), 
generally with glucose addition (3-5). However, these media 
are not very satisfactory for studies of deoxyribonucleic acid bio- 
synthesis, since the cells are not able to divide and thus cannot 
synthesize new DNA. As a consequence, labeled precursors are 
incorporated into DNA to only a very slight extent, and the in- 
terpretation of this incorporation without the formation of new 
DNA is not clear (6, 7). This low rate of incorporation became 
a limitation in our previous study on the effects of fluorinated 
pyrimidines on DNA biosynthesis (5). Since Warburg et al. 
(8) and Burk (9) have preferred to carry out ascites cell incu- 
bations in pure ascites serum, this procedure has been adopted 
by Harrington and Lavik (10), and probably by Smellie e¢ al. 
(6), although their medium of incubation is not clearly specified. 
Nevertheless, as we will show, the presence of serum alone pro- 
duces relatively little stimulation of incorporation of precursors 
into DNA. 

For these reasons attempts were made to develop a medium 
for incubation of ascites cell suspensions under conditions similar 
to those used for tissue culture. Powell (11) observed that 
Ehrlich ascites cells grew best in hanging drop cultures when the 
cells were 2 diameters apart and ascites serum and chick embryo 
extract were used in the medium. We have applied this high 
cell concentration and medium to the incubation of ascites cells 
in Erlenmeyer flasks for as long as 24 hours with the addition of 
antibiotics. Under these conditions we have demonstrated a 
net increase of DNA and cell number and have been able to 
demonstrate an inhibition of DNA and nuclear RNA biosynthe- 
sis in x-radiation experiments carried out entirely in vitro. 


EXPERIMENTAL 


Ehrlich ascites cells were taken from female Swiss albino mice 
(Taconic Farms, Germantown, New York) 5 to 6 days after 
transplantation. In contrast to most common biochemical 
procedures, the cells were not cooled in an ice bath but were main- 
tained at room temperature until the beginning of the incubation. 
The combined ascites from several mice were put through a thin 


* This work was supported in part by a grant-in-aid of the 
Wisconsin Division of the American Cancer Society; by Grant 
No. C-2832 from the National Cancer Institute, National Insti- 
tutes of Health; and by a grant-in-aid from Hoffman-LaRoche, 
Inc. A preliminary report of this work appeared (1). 

t Fulbright Research Fellow. Present address, Institut fiir 
Medizinische Physik und Biophysik, University of Géttingen, 
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filter of glass wool. After stirring and mixing, the cells were 
centrifuged for 7 minutes'‘at 1000 x g. From the ratio of the 
sedimented cell volume to the total volume, the cell concentra- 
tion was determined (usually 30 to 35 per cent). The super- 
natant ascites serum was used to dilute the cells to a final con- 
centration of 25 per cent (volume for volume). The incubations 
were carried out in 25- or 50-ml. Erlenmeyer flasks with an equiv- 
alent of 0.25- or 0.50-ml. volume of packed cells. Each 50-ml. 
Krlenmeyer flask contained 2 ml. of the diluted ascites (final cell 
concentration of 10 per cent, volume for volume); 2 ml. of 50 per 
cent chick embryo extract (Lyophilized extract EE 1100 from 
Difco Laboratories); and 1 ml. of Robinson’s medium (2) with- 
out bicarbonate. The total volume was 5.0 ml. The Robin- 
son’s medium contained the labeled precursor (1 umole per flask) ; 
glucose (final concentration, 3 mg. per ml.); antibiotics (final 
concentration, 0.04 mg. per ml. of penicillin and 0.05 mg. per ml. 
of streptomycin); and other compounds as necessary. These 
solutions were combined with the ascites at room temperature. 
When 0.25 ml. of packed cells was used, the final volume was 2.5 
ml. with 0.5 umole of precursor. For incubation the flasks 
were closed with a cotton plug and incubated at 37° in a water 
bath with gentle shaking, or without shaking for the 24-hour 
incubations. After incubation the cells were rapidly centrifuged 
in the cold and very quickly washed twice with ice-cold isotonic 
sodium chloride. The isolation of the nucleic acid pyrimidines 
was carried out as previously deseribed (5). 

In some experiments the cell nuclei and cytoplasm were sep- 
arated as described by Lettré (12). After the cells were washed 
with isotonic sodium chloride, a 0.05 per cent solution of digitonin 
in distilled water (5 to 6 times the packed cell volume) was added 
at room temperature, and the mixture was stirred with a glass 
rod until no cells were visible in the suspension. After 10 min- 
utes the nuclei were centrifuged at 900 * g. for 10 minutes and 
washed with 0.05 m and then with 0.1 Mm citric acid. The super- 
natants were combined to give the cytoplasmic fraction. The 
pyrimidine bases were isolated from each fraction as described (5). 

In order to measure changes in cell number, nuclei were counted 
by the method of Sanford et al. (13). In the experiments to 
study the viability of the cells in the system, 0.1 ml. of the in- 
cubation mixture was injected intraperitoneally into groups of 
mice. 

For the radiation experiments a Westinghouse x-ray machine 
was operated at 175 kv. and 10 ma., with added filtration of 0.5mm. 
thickness of Cuand 1.0 mm. of Al. The dose rate at a focal dis- 
tance of 41.4 em. was 70 r. per minute. The cells were irradiated 
in vitro at room temperature in the complete incubation medium; 
the radioactive precursor was added immediately after the ir- 
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radiation had been completed. Irradiation was begun with the 
cells receiving the higher dose (3000 r.), and the flasks receiving 
the lower dose were placed beneath the x-ray tube at a time such 
that the irradiation of all cells was completed at the same time. 
All experiments were run in duplicate. 

Totally labeled uridine and deoxyuridine were isolated by 
conventional methods from highly radioactive nucleic acids ob- 
tained by biosynthesis from Hydrogenomonas facilis grown in 
an atmosphere of radioactive carbon dioxide. The deoxyuridine 
was made from deoxycytidine by deamination with nitrous acid. 
Both nucleosides were purified by chromatography on Dowex 
1-chloride in the presence of borate buffer as previously described 
(5). After incubation of the ascites cells, the mixed sodium 
nucleates were isolated as usual. Separation of DNA and RNA 
was accomplished by incubation with 0.1 nN NaOH at 37° for 
14 hours (14). The DNA was precipitated with HCl and re- 
precipitated three times for purification. The DNA was hy- 
drolyzed by treatment with DNase and snake venom diesterase. 
The ribonucleotides and deoxyribonucleotides were separated 
by stepwise elution chromatography on hand columns of Dowex 
l-formate (15). The uridine monophosphate and thymidine 
monophosphates were purified by dephosphorylation to the cor- 
responding nucleosides with prostatic phosphomonoesterase 
followed by chromatography on Dowex 1-chloride with 0.03 m 
KCl and 0.02 m Na2B,O; as described by Cohn (16). Under 
these conditions the deoxyribonucleosides are eluted in the borate 
system and the ribonucleosides are removed with 0.1 n HCl. 
After this purification the specific activities of DNA thymidine, 
RNA uridine, RNA CMP, and RNA AMP were measured. The 
compounds were then hydrolyzed with 70 per cent perchloric 
acid (17), and the specific activities of the free purine and pyrim- 
idine bases were determined. 

In these experiments the acid-soluble uridine nucleosides and 
nucleotides were isolated by ion exchange chromatography as 
described previously (18). Uracil, uridine, and deoxyuridine 
from the water effluent from the Dowex columns were separated 
by paper chromatography with use of the solvent system ethyl 
acetate-formic acid-water (60:5:35, volume for volume) d 
scribed by Fink et al. (19). In order to determine the amount 
of deoxyribonucleotides present in the UMP, UDP, and UTP 
samples obtained from the acid-soluble fractions, the samples 
were treated individually with prostatic phosphomonoesterase 
(which hydrolyzes the uridine mono-, di-, and triphosphates 
and the corresponding deoxy derivatives to the respective nu- 
cleosides in 85 per cent yield), and after the addition of carrier 
uridine and deoxyuridine, they were separated with the above 
paper chromatographic system. 

Formate-C* and uracil-2-C" were obtained from New England 
Nuclear Corporation and thymidine-6-H* from Schwarz Labora- 
tories, all on allocation from the Atomic Energy Commission. 
All counting was done in internal flow counters, and the results 
were corrected for self-absorption. 


RESULTS 


The results obtained by altering the composition of the me- 
ium in 1-hour incubations of ascites cell suspensions with 1 umole 
of formate-C™ are shown in Table I. It is evident that in un- 
supplemented Robinson’s medium there is a greater incorpora- 
tion of formate into DNA thymine than into mixed nucleic acid 


1 The bacteria were grown by Dr. H. O. Halvorson of the De- 
partment of Bacteriology, University of Wisconsin. 
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TABLE I 
Effects of composition of medium on incorporation of formate-C'4 
in Ehrlich ascites cells 

Incubation of formate-C'™ with suspensions of Ehrlich ascites 
cells for 1 hour at 37°. Volume of 2.5 ml.; 0.25-ml. packed cell 
volume; 1 ml. of ascites serum; 1 ml. or less of 50 per cent embryo 
extract; remainder, Robinson’s medium plus glucose. The for- 
mate-C'* used m Experiment 2 had lower specific activity than 
that used in Experiment 1. 


DNA thymine | NAf adenine | NA guanine 


Medium 


| Be 


lRelative S.a ‘Relative 


S.a.* 


Experiment 1 
Robinson’s, ascites serum. 
Robinson’s, ascites se- 
rum, 1% embryo ex- 


4200 1350} 100 100 


Robinson’s, ascites se- 
rum, 5% embryo ex- 
314 
Robinson’s, ascites se- 
rum, 10% embryo ex- 


Robinson’s, ascites se- 


rum, 20% embryo ex- 


374 175 407 


Robinson’s, 20% embryo 
Experiment 2 
Robinson’s, ascites se- 
rum, 20% embryo ex- 
100 
Robinson’s, ascites se- 
rum, 5 X 10-5 o folic 
Robinson’s, ascites se- 
rum, 2% embryo ex- 
tract, 5 X 10-5 m folic 
101 
Robinson’s, ascites se- 
rum, 5% embryo ex- 
tract, 5 X 107-5 m folic 
Robinson’s, ascites se- 
rum, 10% embryo ex- 
tract, 5 X 10-5 folic 


115 


*S.a., specific activity. 
t NA, nucleie acid. 


adenine and guanine (4-7). The addition of ascites serum caused 
an appreciable increase in specific activity of the DNA thymine. 
However, when various amounts of embryo extract were added 
to the Robinson’s medium and ascites serum, there was a much 
greater stimulation with increasing concentrations of the embryo 
extract. The optimal conditions were reached with 20 per cent 
embryo extract, with which there was almost a 4-fold increase 
in the thymine specific activity as compared with the cells in- 
cubated in Robinson’s medium alone. The incorporation of 
formate into nucleic acid adenine and guanine was also stimu- 
lated. 
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After most of these experiments had been completed, Dr. G. E. 
Foley reported at a Cancer Chemotherapy National Service 
Center conference on drug resistance that some lines of the 
Ehrlich ascites tumor could be made to grow in tissue culture if 
levels of folic acid higher than ordinarily employed in Eagle’s 
(19a) medium were used. Consequently we tested the ability of 
folic acid to replace the embryo extract used in our medium. In 
Experiment 2, Table I it is shown that the incorporation of for- 
mate into DNA thymine is somewhat greater with folic acid and 
5 per cent embryo extract than with 20 per cent embryo extract 
in the absence of folic acid. However, in all subsequently re- 
ported experiments the high level (20 per cent) of embryo ex- 
tract was used without addition of folic acid. A study of the 
time course of the incorporation of labeled formate into DNA 
thymine in the complete medium and in Robinson’s medium is 
shown in Fig. 1. It will be seen that the rate of incorporation 
in the supplemented medium is essentially linear throughout the 
12-hour period studied, whereas in Robinson’s medium the rate 
leveled off after 1 hour so that at 12 hours the specific activity 
of the DNA thymine was only 20 per cent of that found in the 
other medium. 

In order to determine whether the cells are able to multiply 
in this system, nuclei were counted (13) before and after incuba- 
tion of the cells for 24 hours. In this experiment the flasks were 
not shaken, because agitation causes cells to be lodged on the 
walls of the flasks; they were stoppered tightly to prevent evap- 
oration. Before incubation the number of cells per ml. was 
3,770,000 + 85,000 (100 + 2.3 per cent) and afterwards the 
number of nuclei was 4,640,000 + 120,000, a net increase of 23 + 
2.6 per cent. Under the same conditions a 25 per cent increase 
of total DNA was found. Finally, the viability of the tumor 
cells after incubation was tested by transplantation into groups 
of mice. It can be seen from Fig. 2 that whereas none of the 
incubated cells produced tumors as rapidly as the freshly trans- 
planted controls, as measured by survival time, essentially no 
viable cells remained after 24-hour incubation in Robinson’s 
medium because all mice survived for 100 days tumor-free. In 
contrast the cells incubated for 24 hours in the supplemented 
medium did produce tumors, although the incidence was delayed 
and 25 per cent of the mice survived. In the 8-hour incubations 
the cells in Robinson’s medium were viable, but the cells in the 
new medium were more so. Thus, this experiment shows that 
viable cells remain after 24-hour incubation in the new medium, 
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Fig. 1. Incorporation of formate-C'™ into DNA thymine of 
Ehrlich ascites cells in vitro. Specific activity plotted against 
time. . 
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Fig. 2. Survival of groups of 25 mice inoculated with Ehrlich 
ascites cells when freshly transplanted and after various incuba- 
tions. Percentage surviving compared with days after trans- 
plantation. 
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Fig. 3. Effect of x-radiation in vitro in two media on the in- 
corporation of uracil-2-C'* into DNA thymine in vitro. Per cent 
of specific activity compared with unirradiated controls (100 per 
cent) against radiation dose in roentgens. 


although the number of living cells must be considerably less 
than in freshly transplanted suspensions because of the longer 
latent period of tumor formation. 

Radiation Experiments—Since the pioneering experiments of 
Euler and Hevesy (20, 21) it has been known that ionizing radia- 
tions inhibit the synthesis of DNA. However, it has been pos- 
sible to observe this effect only with conditions under which net 
DNA synthesis occurs, since the incorporation of labeled pre- 
cursors into DNA without growth is not radiosensitive. The 
present experiments were carried out mainly in order to deter- 
mine whether the incorporation of labeled precursors into DNA 
in the new system would be inhibited by irradiation in vitro. 
If such inhibition were found this would give some indirect evi- 
dence that net synthesis of DNA occurs in this system. 

The data presented in Fig. 3 show that, relative to the unir- 
radiated controls, there was no effect of irradiation upon the in- 
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DNA- Thymine 
C-RNA-Uracil 
* n-RNA-Uracil 


SPECIFIC ACTIVITY IN % OF CONTROLS 


ROENTGENS 

Fic. 4. Effect of x-radiation in vitro of Ehrlich ascites cells in 
the new medium on the incorporation of uracil-2-C™ into DNA 
thymine and nuclear and cytoplasmic RNA uracil. Per cent of 
specific activity of unirradiated controls (100 per cent) against 
radiation dose in roentgens. Numbers in parentheses indicate 
the ratio of the specific activity of nuclear to cytoplasmic RNA 
uracil. 


750 


corporation of uracil-2-C™ into the DNA thymine in the salt 
medium. This confirms the observations of Harrington and 
Lavik (10) that there was no effect of irradiation in vitro upon 
P® incorporation into DNA until a dose of 50,000 r. was reached 
and corresponds to the above stated ideas of radiobiology. On 
the other hand, irradiation of the cells in vitro in the serum- 
embryo extract system resulted in a significant inhibition of the 
specific activity of the DNA thymine. When this type of ex- 
periment was repeated with ascites cells taken 4 days after trans- 
_ plantation during the logarithmic phase of tumor growth, the 
inhibitory effect on DNA biosynthesis was even more pronounced 
(Fig. 4). In this experiment uracil was isolated from the nuclear 
and cytoplasmic RNA, and it was observed that whereas there 
was a slight stimulation of the specific activity in the latter case, 
the incorporation of uracil into nuclear RNA uracil was inhibited 
to almost the same extent as the DNA. In both these experi- 
ments the total radioactivity of the acid-soluble fractions was 
measured, and there were no significant effects of the irradiation 
on the uptake of the precursor into the tumor cells. The num- 
bers in parentheses in Fig. 4 represent the ratio of the specific 
activity of nuclear to cytoplasmic RNA uracil. 

Studies on Conversion of Uridine into Deoxyuridine—lIt is clear 
from the work of Rose and Schweigert (22), Reichard (23), and 
others, that under certain conditions there is a direct metabolic 
conversion of uridine to deoxyuridine, either at the nucleoside or 
nucleotide level, without detachment of the ribose or deoxyribose 
from the pyrimidine base. We were interested in examining 
this conversion in ascites cells incubated in the supplemented 
medium because of some results obtained with fluorinated pyri- 
midines, which suggested a breakdown before utilization for 
nucleic acid biosynthesis (24). Accordingly, totally labeled 
uridine and deoxyuridine were incubated with the ascites cells, 
and after 4 hours the DNA thymidine, RNA uridine, RNA CMP, 
and RNA AMP were isolated as described under “Experimental.” 
Their specific activities were determined before and after hy- 
drolysis with perchloric acid, and the ratios of the specific ac- 
tivities of the nucleoside to the base were compared with those 
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of the precursors. The datagiven in Table II show the following. 
(a) Acid-soluble uridine is incorporated into RNA uridine with- 
out detachment of the ribose from the uracil. (6b) In the con- 
version of uridine into deoxyuridine there is some direct transfer 
of carbon from the ribo- to the deoxyribo derivative, and some 
detachment of the ribose from the pyrimidine before conversion. 
(c) There is considerable breakdown of uridine or direct transfer 
of ribose to purines (cf. AMP). (d) Acid-soluble deoxyuridine is 
incorporated into DNA thymidine without detachment of the 
deoxyribose. (e) There is some direct transformation of deoxyu- 
ridine into RNA uridine without detachment of the deoxyribose. 
(f) There is some transfer of the deoxyribose of deoxyuridine to 
RNA ribosylpurines (cf. AMP). We believe the latter two ob- 
servations to be new. 

The breakdown of uridine and deoxyuridine to free uracil was 
proved by examination of the acid-soluble fractions obtained in 
short time incubations as shown in Table III. 

We have observed that 5-fluorouridine and 5-fluoro-2’-deoxyu- 
ridine are incorporated into RNA but not into DNA (24). It 
seemed likely that, according to the postulation of Friedkin and 
Kornberg (25), the deoxyuridine monophosphate and the cor- 
responding fluoro compound cannot be phosphorylated to the 
triphosphate level, which is required for DNA biosynthesis ac- 
cording to the work of Lehman et al. (26). In order to check 
this point, the UMP, UDP, and UTP obtained from the acid- 
soluble fraction of ascites cells incubated with deoxyuridine were 
dephosphorylated with prostatic phosphomonoesterase. Car- 


TABLE II 
Metabolism of totally labeled uridine and 
deoxyuridine in vitro 
Incorporation of 1 wmole of labeled precursors into Ehrlich 
ascites tumor cells (0.25 ml.) in the new system; total volume, 2.5 
mil. per flask. Incubation for 4 hours at 37°. 


S.a. nucleo- : c.p.m./ S.a. nucleo- 
recursor = Nucleic acid fraction umole ee 

Uridine........ 3.9 DNA-thymidine 380 1.3 
Uridine........| 3.9 RN A-uridine 17 3.0 
Uridine........| 3.9 RNA CMP 9750 1.9 
3.9 RNA AMP 1050 

Deoxyuridine. . | 4.4 DNA-thymidine, 682 4.2 
Deoxyuridine.., 4.4 | RNA-uridine | 672 2.8 
Deoxyuridine.. 4.4 | RNA CMP | 195 1.8 
Deoxyuridine... 4.4 | RNA AMP | 112 x 


TaB_e III 
Breakdown of uridine and deoxyuridine to uracil in vitro 
Analysis of the acid-soluble uridine nucleoside fraction after 
incubation of 0.25 ml. of packed Ehrlich ascites cells in 2.5-ml. 
volume of new medium after incubation with 0.5 umole of totally 
labeled uridine and deoxyuridine. 


| Ratio total C' in 
Precursor Incubation time uracil: precursor 
(pyrimidine moiety only) 
min 

30 6.5:1 
Deoxyuridine 60 | 28:1 
30 | 8.3:1 
60 | 12:1 
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radiobiological investigations. 


were incubated in a salt medium (10). 


studies only total RNA was studied (cf. (28)). 
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rier uridine and deoxyuridine were added and were separated by 
paper chromatography. Whereas there was appreciable label 
in the deoxyuridine obtained frem the UMP, no C" was detect- 
able in the deoxyuridine obtained from UDP and UTP. This 
confirms the enzymatic observations of Friedkin and Kornberg, 
made with Escherichia coli (25) and extends the finding to mam- 
malian cells. 


DISCUSSION 


The new medium for the incubation of suspensions of Ehrlich 
ascites cells, which contains ascites serum and embryo extract, 
although not chemically defined, has a number of advantages for 
biochemical work. The conventional media employing inorganic 
salts and glucose may appear to be preferable because they are 
completely defined. However, there is a mounting body of 
evidence that such media do not offer adequate conditions for 
the cells, and Warburg e¢ al. (8) and Burk (9) now do their mano- 
metric studies in pure ascites serum. It is known that the ascites 
serum increases somewhat the incorporation of precursors into 
nucleic acids (Table I) and also into proteins (27). However, 
the addition of embryo extract evidently supplies essential growth 
factors and permits the growth and multiplication of cells, since 
we have demonstrated an increase in cell number, total DNA, 
and the incorporation of precursors into DNA over a 24-hour 
incubation period. Biochemical experiments in this medium 
are relatively simple to carry out as compared with the much 
more complicated tissue culture techniques, and most of the cells 
remain viable as shown by the transplantation experiments. In 
contrast, cells incubated in the conventional salt media are not 
viable after 24-hour incubation and do not incorpcrate precursors 
into DNA at a linear rate after the Ist hour. The advantages of 
using a system for studying nucleic acid biosynthesis in whole 
cell suspensions in which there is some net DNA synthesis and 
cell division seem self-evident. 

The radiation experiments support the above conclusions about 
the system, since it is known that the incorporation of precursors 
into DNA is radiosensitive only if net synthesis occurs. Thus it 
would appear that this system will be of considerable use in 
Although it is not the purpose of 
this paper to review the field of the effects of irradiation on nu- 
cleic acid biosynthesis, it should be emphasized that we have 
demonstrated significant inhibition of the incorporation of pre- 
cursors into DNA and nuclear RNA by irradiation of the cells 
in vitro with doses less than 3000 r. It should be recalled that 
Harrington and Lavik found that 50,000 r. were required to 
produce inhibition of DNA biosynthesis when the ascites cells 
There appears to be 
considerable advantage to be gained by carrying out irradiation 
studies .in vitro, because the high amount of variation encountered 
among individual animals necessitates using large groups, and 
because irradiation may affect the uptake of the precursors by 


various tissues. 


The observation of the difference in response to irradiation of 
nuclear and cytoplasmic RNA is interesting, because in the earlier 
Previous re- 
ports have shown either no effect (29-31), some inhibition 
(28-33), or even a stimulation (34) of total RNA biosynthesis 
produced by irradiation. However, Vermund eft al. (35) in- 
vestigated the effects of irradiation on the utilization of P® by 
different cell fractions of a mouse mammary carcinoma and ob- 
served some inhibition of the uptake into nuclear RNA but the 
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incorporation into the soluble RNA was stimulated. On the 
other hand Thomson et al. (36) obtained opposite results in 
studies on the effects of irradiation on regenerating liver. Since 
in the various studies cited, different precursors systems and 
experimental conditions were used, a close comparison of the 
results is not justified. Thus far RNA has not been considered 
very interesting in the study of radiobiology. Our observations 
suggest that this lack of interest may not be justified. The 
closely parallel inhibition by several doses of x-rays of the in- 
corporation of uracil into DNA thymine and nuclear RNA uracil 
suggests a possible close relationship of the biosynthesis of these 
macromolecules in the nucleus, whereas precursors have been 
shown to be incorporated into cytoplasmic RNA independently 
of the nucleus (37). In this connection it is interesting to note 
that Beltz et al. (38) obtained a complete suppression of the 
incorporation of orotic acid into the DNA of regenerating liver 
of rats irradiated with 1500 r., whereas the specific activity of the 
cytoplasmic RNA was unaffected. They reported no data on 
nuclear RNA. 

It is now becoming clear that there are at least two different 
types of nuclear RNA, which can be distinguished morphologi- 
cally (39) and metabolically (39, 40). It is perhaps conceivable 
that one type of nuclear RNA might be inhibited and the other 
type stimulated in its metabolism as a consequence of irradiation, 
which would result in the lack of effects of irradiation on RNA 
biosynthesis that has been most commonly reported (28-31). 

The question of the extent to which ribonucleosides are the 
direct precursors of deoxyribonucleosides is still open. Since 
the observations of Rose and Schweigert (21), Reichard (22), 
and Amos and Magasanik (41) it has been clear that a direct 
conversion can take place without cleavage of the bond between 
the base and the ribose. However, results have been reported 
which are not in agreement with such a direct conversion (42, 
43). Our own studies in ascites cell suspensions support the 
fact that there is some direct conversion of uridine to deoxyuri- 
dine. However, there was considerable detachment of the ribose 
and cleavage of uridine to uracil, probably by the nucleoside 
phosphorylase reaction that has been studied extensively by 
Reichard and Sk6ld (44, 45). Our experiments also indicate 
that there is some direct conversion of deoxyuridine to uridine 
without detachment of the deoxyribose, an observation that will 
be interesting to follow. 


SUMMARY 


A medium for the incubaticn of suspensions of Ehrlich ascites 
cells, which contains ascites serum and chick embryo extract, 
has been developed. This system is advantageous for studies 
of nucleic acid biosynthesis because of a great stimulation of the 
incorporation of labeled precursors into deoxyribonucleic acid 
(DNA) as compared with media containing salts and glucose 
alone. During a 24-hour incubation in this medium there is a 
net increase in total DNA and cell number. The requirement for 
embryo extract may be partially replaced by high levels of folic 
acid. 

When ascites cells are irradiated in vitro in this medium, mod- 
erate doses (up to 3000 r.) produce an inhibition of the incorpora- 
tion of uracil-2-C™ into DNA thymine and nuclear ribonucleic 
acid uracil; there is no significant effect on the cytoplasmic ribo- 
nucleie acid uracil. 

Totally labeled uridine and deoxyuridine are rapidly cleaved 
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to uracil in this system. Nevertheless there is evidence of some Acknowledgments—We are indebted to Mrs. Lois Griesbach 
direct conversion, without detachment of the ribose or deoxy- for the tumor transplantations and cell nuclei counts, and to 
ribose moieties, of uridine into deoxyuridine and of deoxyuridine Mrs. Dorothy McManus and Mrs. Lynn Gilboe for the deter- 


into uridine. minations of radioactivity. 
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- nucleic acid have been described (7). 
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We have previously reported on the tumor inhibitory prop- 


erties of 5-fluorouracil and 5-fluoroorotic acid (3, 4), prepared 
~ by Duschinsky et al. (5), and on the initial clinical trials of 5- 


fluorouracil with patients with far advanced solid tumors (6). 
The metabolism of 5-fluorouracil and 5-fluororotic acid has been 
studied, data on excretion and tissue distribution in mice and 


_ man have been reported, and the conversion of these compounds 


into acid-soluble nucleotides and their incorporation into ribo- 
Two nucleosides, 5- 
fluorouridine and 5-fluoro-2’-deoxyuridine have been synthesized 
(8), and their effects on various transplanted tumors have been 
described (9). The effects of these fluorinated pyrimidines on 
nucleic acid biosynthesis have been studied in vivo (10) and in 
vitro (11), where it was shown that they inhibit the methylation 
of deoxyuridylic acid to thymidylic acid and inhibit the incor- 
poration of uracil and orotic acid into RNA. The latter findings 
have been confirmed by Eidinoff et al. (12) and the conversion of 
F-uracil! into F-uridine and F-UMP has been confirmed by Skéld 
(13). We have also studied the initial steps in the catabolism 
of these compounds (2). The present paper describes excretion 
and metabolic studies with F-uridine and F-dUridine and fur- 
ther work on the effects of the series of compounds on nucleic 
acid biosynthesis in suspensions of Ehrlich ascites cells in a new 
medium (14). A scheme summarizing all the known biochemical 
effects of fluorinated pyrimidines will be presented. 


EXPERIMENTAL 


The synthesis of 5-fluorouracil-2-C'™ and 5-fluoroorotic acid- 
2-C™4 has been described (7). The preparations of 5-fluorouri- 
dine-2-C™ and 5-fluoro-2’-deoxyuridine-2-C™ from our F-ura- 
cil-2-C“ were kindly made by Dr. B. A. Koechlin of 
Hoffmann-LaRoche, Inc. Sodium formate-C™ and uracil-2-C" 
were obtained from New England Nuclear Corporation, orotic 


~ acid-6-C™ from Tracerlab, and thymidine-6-H* from Schwarz 


Laboratories, all on allocation from the Atomic Energy Com- 
mission. The fluorinated pyrimidines were generously provided 


* This work was supported in part by a grant-in-aid of the 
Wisconsin Division of the American Cancer Society; by Grant 
No. C-2832 from the National Cancer Institute, National Insti- 
tutes of Health; and by a grant-in-aid from Hoffmann-LaRoche, 
Inc. 

A preliminary account of this work appeared (1). 
VII in this series, see (2). 

t Fulbright Research Fellow. Present address, Institut fiir 
Medizinische Physik und Biophysik, University of Géttingen, 


For Paper 


Gottingen, Germany. 


1The abbreviations used are: prefix F-, 5-fluoro-; prefix d, 
deoxy; formyl-PGA, formyl] pteroyl-L-glutamie acid. 


by Dr. Robert Duschinsky of Hoffmann-LaRoche, with the 
exception of 5-fluorocytidine, which was kindly made available 
by Drs. J. J. Fox and C. C. Stock of the Sloan-Kettering In- 
stitute for Cancer Research. 

The method of collecting respiratory carbon dioxide from mice 
and determination of the specific activities of the various tissues 
have been described (7). 

All studies in vitro with the Ehrlich ascites tumor cells were 
carried out in the ascites serum-embryo extract system described 
in the preceding paper (14). The isolations of the nucleic acids 
and their pyrimidine bases have been reported (7), and the 
studies on the uptake of various precursors into the ascites cells 
were carried out as described by Leibman and Heidelberger (15). 
After incubation, the cells were centrifuged and washed twice 
with ice-cold isotonic sodium chloride as rapidly as possible. The 
acid-soluble fraction was extracted with cold 4 per cent perchloric 
acid and neutralized with KOH, and the KClO, was removed 
by centrifugation. The residue was washed three times more 
with cold perchloric acid before extraction of the nucleic acids. 

In the experiment with labeled deoxyuridine as a precursor the 
isolation of DNA thymine was done as described in the previous 
paper (14). To identify the labeled materials after incorporation 
of labeled F-uridine and F-dUridine the nucleic acids were iso- 
Jated as usual and the RNA hydrolyzed with alkali. The nu- 
cleotides from RNA and DNA after hydrolysis were separated 
by ion exchange chromatography with Dowex 1-formate hand 
columns (16). To identify the F-CMP, the CMP fraction was 
hydrolyzed with 70 per cent perchloric acid, and after the addi- 
tion of carriers the cytosine and F-cytosine were separated on 
Dowex 1 in the ammonium chloride system of Cohn (17). In 
order to purify and separate the UMP-F-UMP-F-dUMP frac- 
tion, it was dephosphorylated with prostatic phosphomono- 
esterase, put through Dowex 50, dried, and then dissolved in 
0.03 a KCl and 0.02 m Na2B,O; and chromatographed on Dowex 
l-chloride. Under these conditions the deoxyribosidic com- 
pounds are eluted in the borate system, and the ribosides are 
eluted with 0.1 n HCl. The same method was used to purify 
the TMP-F-dUMP fraction. 


RESULTS 


Studies in vivo of Metabolism of 5-fluorouridine and 5-fluoro-2’- 
deoxyuridine—The excretion of radioactivity in the respiratory 
carbon dioxide and urine of mice given intraperitoneal injections 
of F-uridine-2-C“ and F-dUridine-2-C" is shown in Fig. 1. 
These results may be compared with those obtained from F- 
uracil-2-C™“ and F-orotic acid-2-C™ reported previously (Chart 
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Fic. 1. The accumulated percentage excretion of radioactivity 
from 5-fluorouridine-2-C'* and  5-fluoro-2’-deoxyuridine-2-C™ 
against time in hours. The urinary excretion at 24 hours is shown 
by the cross-hatched bars; the sum of the urinary and respiratory 
excretion is represented by the open bars. 


TABLE | 
Tissue specific activities (c.p.m. per mg.) from sarcoma 180-bearing 
mice given 50 mg. per kg. of 5-fluoro-2'-deoryridine-2-C'4 
(6,900,000 c.p.m.) and & mg. per kg. of 5-fluorouridine- 
2-C™ (910,000 c.p.m.) 
The s.a. of the tumor is set at 100; the figures in parentheses 
represent the percentages of 100. . 


Studies on Fluorinated Pyrimidines. 


F-dUridine F-uridine 
Tissue 
4 hrs. 24 hrs. | 4 hrs | 24 hrs 

160 (100) 192 (100) 55 (100), 40 (100) 
Bone marrow........ 29 (18) 24 (12) 76 (138) 36 (90) 
Small intestine......| 26 (16) 18 (10) 93 (170), 105 (262) 
16 (11) 13 (6.8) 162 (294)) 102 (252) 
7 OC poe 49 (31) | 28 (14) | 259 (469) 123 (305) 
Tree 12 (7.6)| 11 (5.9) 269 (480) 80 (198) 
7.3 (4.6) 9.0 (4.7) 50 (93) 35 (87) 
1.1 (0.7) 0.5 (0.3) 19 (84) 5.8 (14) 
Ovaries.......... ...| 2.5 (1.5) 8.0 (4.2) 60 (109) 34 (85) 
Brain................| 1.7 (1.1)} 1.1 @.5)| 3.4 G2) | 1.4 @.3) 
0.5 (0.3) 0.5 (0.3) 17 (85) 15 (37) 
3.6 (2.2) 3.1 (1.6) 62 (112) 30 (75) 
Blood (¢.p.m./ml.)... 1900 1800 700 


780 


3 of (7)). Radioactivity from the two nucleosides was excreted 
in the urine to the same extent for 24 hours, but there was a 
greater conversion of the carbon 2 of F-uridine to respiratory 
carbon dioxide than for F-dUridine. 

The tissue distribution of radioactivity obtained after the 
intraperitoneal injection of the labeled nucleosides is shown in 
Table I, which may be compared with that found with F-uracil 
and F-orotic acid (Tables I and II of (7)). It is clear that in the 
case of F-dUridine the specific activity was considerably higher 
in the tumor than in all the other tissues examined, a degree of 
selective localization considerably greater than that found with 
F-Uracil (7). On the other hand, in the F-uridine-treated mice 
the specific activities of many normal tissues were considerably 
higher than that of the tumor. This finding, which is quite 
similar to the results with F-orotic acid (7), may explain the much 
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greater toxicity and lesser chemotherapeutic effectiveness against 
sarcoma 180 of F-uridine as compared to F-dUridine (9). Al- 
though the dose of F-uridine was only one-tenth that of F- 
dUridine, corresponding to the usual therapeutic dosage of each, 
the amount of radioactivity in the tissues in the 4-hour experi- 
ments in terms of drug equivalents, expressed as ug. X 10-* per 
mg., were: liver, 18; kidney, 30; spleen, 30; small intestine, 10; 
and bone marrow, 8.4. The corresponding values for F-dUridine 
were: liver, 2.7; kidney, 2.0; spleen, 8.3; small intestine, 4.4; 
and bone marrow, 4.9. Thus it is evident that in these normal 
tissues there was a higher concentration of drug equivalents in 
the case of F-uridine, which was given at only one-tenth the 
dose of F-dUridine. However, the same values for the tumor 
were 27 for F-dUridine and 5.5 for F-uridine, which is a further 
illustration of the selective localization in the tumor of F-dUri- 
dine. 

The incorporation of radioactivity derived from F-dUridine 
into the acid-soluble fraction and nucleic acids in vivo is shown 
in Table II. These results may be compared with those ob- 
tained with F-uracil and F-orotic acid (Chart 7 of (7)). It was 
found that F-dUridine was incorporated into RNA and not into 
DNA, and this raised the question of whether the F-uracil 
moiety was still associated with deoxyribose. However, the 
label in the RNA hydrolysate was contained entirely in the 
F-UMP fraction, as was found with F-uracil and F-orotie acid 
(7). In order to determine whether the fluoro-nucleoside de- 
rived from RNA was present in the deoxyribose or ribose form, 
the F-UMP was dephosphorylated enzymatically, and after the 
addition of carriers the F-uridine and F-dUridine were separated 
by ion exchange chromatography with borate buffer. The 
radioactivity was confined to the F-uridine fraction, proving that 
the deoxyribose had been lost during the incorporation. Fur- 
ther evidence for this was obtained by examination of the F-uri- 
dine and F-dUridine obtained similarly from the acid-soluble 
F-UMP fraction. As shown in Table II, even though F-dUridine 
had been injected into the mice, the label in the acid-soluble 
F-UMP fraction was predominantly in the form of the ribo- 
nucleotide. Further studies of this in vitro will be described 
below. 

Experiments in Vitro—All experiments tn vitro were carried 
out with suspensions of Ehrlich ascites cells in the supplemented 
medium described in the previous paper (14). When labeled 
F-dUridine was incubated under these conditions, it was found 
that there was some incorporation into RNA, but not into DNA, 


TaB_e II 
Incorporation in vivo of 6-fluoro-2'-deoryuridine-2-C™ into acid- 
soluble fractions and nucleic acids of liver and sarcoma 180 


= 


Tumor | Liver 

4hrs. 24 hrs. | 4 hrs. 24 hrs. 
Acid-soluble fraction......... 3800 | 1080 | 3240 50 
Acid-soluble F-uridine...._. 1600 | | 
Acid-soluble F-dUridine..... 610 | | 
F-UMP from RNA.......... 4280 | 
F-dUridine from F-UMP peak 0 | 

3800 


F-uridine from F-UMP peak... 
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just as in the experiments in vivo. The F-UMP fraction ob- 
tained from the RNA hydrolysate was dephosphorylated with 
prostatic phosphomonoesterase, and after the addition of F- 
uridine and F-dUridine carriers the nucleosides were separated 
by ion exchange in the presence of borate. The results in Table 
III show that with F-dUridine as the precursor all the radio- 
activity was present as the ribonucleoside. A comparable ex- 
periment with F-uridine-2-C™ resulted in an incorporation into 
RNA-F-uridine that, as would be expected, was much greater 
than that obtained with F-dUridine. It appeared likely that 
the incorporation of F-dUridine into RNA may have occurred 
as a consequence of the conversion of F-dUridine to F-uracil, 
which could then be incorporated via the usual pathway. Thus, 
the acid-soluble fractions of ascites cells incubated for 30 minutes 
with labeled F-uridine and F-dUridine were fractionated by ex- 
tended gradient ion exchange chromatography. The neutral 
fraction containing the nucleosides and free bases was separated 
by paper chromatography (14). The various nucleotide frac- 
tions were hydrolyzed with prostatic phosphomonoesterase 
(which smoothly converts nucleoside di- and triphosphates into 
the nucleosides), and the ribo- and deoxyribonucleosides were 
separated on borate columns as described above. It is evident 
from Table IV that F-dUridine was very readily cleaved to 
F-uracil, possibly by the reversal of a deoxyribonucleoside phos- 
phorylase. Furthermore, 5.1 per cent of the total radioactivity 
in the acid-soluble fraction was present as F-dUMP. This 
compound, synthesized by Farkas et al. (18), has recently been 
shown by Cohen et al. (19) to be an irreversible inhibitor of the 
dUMP to dTMP methylation reaction in extracts of Escherichia 
coli, which represents the final proof that the fluorinated pyrimi- 
dines inhibit this reaction (3,11). In the case of F-uridine there 
was little cleavage to free F-uracil, little unchanged F-uridine, 
and a very extensive conversion to the nucleoside mono-, di-, and 
triphosphates. The F-dUDP and F-dUTP isolated from the 
F-UDP and F-UTP fractions contained no radioactivity, which 
shows that just as in the case of the uridine di- and triphosphates 
(14) there is no conversion of F-dUMP to the higher phospho- 
rvlated derivatives. This observation extends to the F-uracil 
series, Friedkin and Kornberg’s (20) generalization that the kinase 
which converts deoxyribonucleoside monophosphates to the di- 
and triphosphate level is not present for deoxyuridine. 

Since it appeared likely that there might be considerable dif- 
ferences in the uptake into the ascites cells of the various com- 


TaB_e III 
Incorporation in vitro of 5-fluorouracil nucleosides into RNA 
The incubation was carried out at 37° for 4 hours with 0.5 umole 
of labeled precursor with 0.25 ml. of packed cells in a volume of 
25ml. The UMP from the RNA hydrolysate was dephosphory1- 
ated with prostatic phosphomonoesterase and purified by ion 
exchange chromatography to remove any deoxyribonucleosides. 


Precursor Nucleic acid fraction 
c.p.m./pmole 
| uridine 
5-Fluoro-2’-deoxvuridine-2-C™ RNA uridine + 6,290 
RNA F-uridine 
5-Fluorouridine-2-C™. RNA uridine + | 37,800 


RNA F-uridine, 
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— “FABLE IV 
Acid-soluble fractions after 30 minutes of incubation with labeled 
5-fluorouridine and 5-fluoro-2'-deoxryuridine 
Incubation of 0.5 umole precursor with 0.25 ml. of packed cells 
in 2.5-ml. volume. 


F-dUridine F-uridine 

Total e.p.m. in acid-soluble 

Per cent in F-uracil.. 36.4 | 1.9 
Per cent in F-uridine.._.. 3.5 | 0.3 
Per cent in F-dUridine. 0.03 
Per cent in F-UMP.... 18.8 
Per cent in F-dUMP... 5.1 0.7 
Per cent in F-UDP. 13.6 24.2 
Per cent in F-dUDP 0 0 
Per cent in F-UDP-X*. 2.0 6.3 
Per cent in F-UTP....... 22.8 | 36.8 
Per cent in F-dUTP. 0 | 0 
Per cent recovery... 97.7 89.0 


* This is the fraction, probably consisting of F-UDP-glucose: 


TABLE V 
Incorporation of labeled precursors into Ehrlich ascites cells in vitro 
Incubation for 30 minutes, 0.5 umole precursor, 0.25-ml. packed 
cell volume, 2.25 ml. of medium. 


| 
| 


Activity in nucleic | 
acids in per cent | 
of acid-soluble | | 

17.4. 19.5 45 48 31.2 |28 36.6 ‘15.1 


= © | me | | | 
Per cent* inside | | | 
8.1 14.1 5.3 4.0 39.1 50.7 3.12 8.17 
Per cent* in acid- | | | | | | | 
soluble fraction... 6.9 11.8 3.7 | 2.7 29.8 39.6 2.3) 7.1 
Per cent* in nu- | : | | | | | 
cleic acids.......| 1.2 | 2.3 | 1.6 | 1.3 | 9.3 |11.1 | 0.82} 1.07 
| | | 


activity........ 
Relative concen-_ | | | | 
trationt........ 1.41 0.53 0.40 3.91) 5.07, 0.31 0.81 


* Per cent of total radioactivity added per flask. 
t Equilibrium concentration or that concentration of precur- 
sor equivalent in the medium and cells (1.0). 


pounds of interest to this study, an experiment was carried out 
in which equimolar amounts of labeled uracil, orotic acid, uri- 
dine, deoxyuridine, and their fluorinated analogues were in- 
cubated for 30 minutes with the ascites cells. At the end of the 
incubation the cells were rapidly centrifuged, washed twice with 
ice-cold isotonic sodium chloride, and then precipitated with per- 
chloric acid. It was first shown that negligible amounts of radio- 
activity were removed from the cells after the first wash. The 
results of the experiment are shown in Table V. It was found that, 
with the exception of F-orotie acid, the fluorinated derivatives 
were taken up by the cells to a considerably greater extent than 
the natural analogues. It is also clear that there was a concentra- 
tive uptake of uridine, fluorouridine, and fluorouracil. The 
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greatest amount of incorporation into the nucleic acids was found 
with uridine and F-uridine, and much less than with orotic acid 
and F-orotic acid; and this would ordinarily lead to the inter- 
pretation that the latter two compounds are poor precursors of 
nucleic acids. However, when the amount of uptake into the 
cells is corrected for and the amount of radioactivity in the nucleic 
acids is calculated as a percentage of the activity in the acid- 
soluble fraction, it will be seen that the orotic and fluoroorotic 
acids are the most efficient precursors of nucleic acids. There- 
fore, it is evident that in experiments on nucleic acid bio- 
synthesis in whole cell or tissue slices valid conclusions can be 
drawn only if the uptake of the precursor into the cells is cor- 
rected for. Results such as those shown for F-uridine in Table 
IV, in which it is consistently found that the intracellular radio- 
activity is almost entirely in the nucleotide fractions, rule out 
the possibility that the uptake measured might represent adsorp- 
tion of the precursor on the cell walls. Thus it is believed that 
these experiments represent a valid determination of the uptake 
of pyrimidine bases and their nucleosides by the ascites cells. 

In our previously reported experiments (3, 10, 11) it was shown 
that the fluorinated pyrimidines blocked the incorporation of 
formate into DNA thymine, which we interpreted as an inhibition 
of the methylation reaction of dUMP leading to dTMP. How- 
ever, the possibility existed that the inhibition might have been 
exerted at the step of the conversion of UMP todUMP. This 
was excluded by the demonstration (Table VI) that F-dUridine 
inhibited the incorporation of totally labeled deoxyuridine into 
DNA thymine in vitro, thus proving that these compounds do 
inhibit specifically the methylation reaction. 

Earlier, with an in vitro system involving Robinson’s medium 
alone (11), we had observed no inhibition by F-dUridine of the 
incorporation of uracil-2-C' into RNA uracil. However, since 


TaBLe VI 
Effect of 5-fluoro-2'-deoxyuridine on incorporation of totally labeled 
deoxyuridine into DNA thymine in vitro 
-Incubation for 4 hours at 37° with 0.25 ml. of packed cells in 
2.5-ml. volume. 


DNA thymine Per cent of control 


c.p.m./pmole 


F-dUridine, 10-* m...... 167 24 
TaB_Le VII 


Effects of &-fluoro-2’-deoxyuridine on incorporation of uracil-2-C'4 
into nucleic acids of Ehrlich ascites cells in vitro 

The cell suspension, 0.25 ml. of packed cells in 2.5 ml. was pre- 

incubated with and without the drug for 1 hour. Uracil-2-C'* was 

then added and the incubation was continued for 3 hours at 37°. 


| Nucleic acid 

c.p.m./ 

pmole 
56,000 100 
F-dUridine, 2 XK 104*m.....| DNA thymine 112 2.8 
F-dUridine, 2 X 10*m.....| RNA uracil 31,700 57 


VIII 

Incorporation of uracil-2-C' and 5-fluorouridine-2-C4 into nuclear 
and cytoplasmic nucleic acids in Ehrlich ascites cells in vitro 

Incubation of 1 wmole of labeled precursors with 0.25 ml. of 

packed cells and 5.0 ml. of medium for 1 hour at 37°. 


S.a. nu 
controls plasmic* 
c.p.m./ 
pmole 
Uracil-2-C'. ....) DNA thymine 3,160 | 100 
Uracil-2-C™...... Nuclear RNA uracil | 24,000 | 100 5.3 
Uracil-2-C™...... Cytoplasmic RNA | 4,490 | 100 
uracil 
Uracil-2-C'*) + 
2X 10°! m F- 
uridine........ DNA thymine 207 6.7 
Uracil-2-C'* + 
2X F- 
uridine........ Nuclear RNA uracil | 12,700 | 53 
Uracil-2-C'* + 
2X m F- 
Cytoplasmic RNA | 2,085 | 47 6.1 
uracil 
“RNAP 
F-uridine-2-C™ ..| Nuclear RNA 40 , 800 5.1 
F-uridine-2-C™ ..| Cytoplasmic RNA 8,100 


*S.a., specific activity. 


we have found extensive breakdown of F-dUridine into F-uracil . 


and the resulting conversion into ribonucleotides in the sup- 
plemented medium (14), it appeared likely that under the proper 
conditions such an inhibition could be demonstrated. As seen in 
Table VII, when ascites cells were preincubated with F-dUridine 
for 1 hour (uracil-2-C™ was added and the incubation continued 
for 3 hours), there was a complete inhibition of the incorporation 
of the uracil into DNA thymine and a 43 per cent inhibition of 
its incorporation into RNA uracil. This experiment and others 
suggest that the inhibition of RNA biosynthesis may be of sec- 
ondary importance in the mechanism of tumor inhibition with 
F-uracil and F-dUridine. 

In the previous studies (3, 7, 10, 11) only the total RNA was 
investigated. In order to determine whether there would be a 
different response to the drugs or a different pattern of incorpora- 
tion into nuclear and cytoplasmic RNA the experiment described 
in Table VIII was performed. It is apparent that both uracil 
and F-uridine are incorporated into nuclear RNA to a greater 
extent than the cytoplasmic RNA, as is the case with other 
precursors, and the ratios of the specific activities of the nuclear 
and cytoplasmic fractions are the same for the two precursors. 
At the concentration of F-uridine used in this experiment, the 
inhibition of the conversion of uracil-2-C into DNA thymine 
was much greater than the effect on its conversion into both 
nuclear and cytoplasmic RNA. 

In order to study the metabolic status of the tumor cells in 
mice treated with 18 mg. per kg. of F-uracil daily for a week, 
starting 1 day after transplantation, the cells were harvested 1 | 
day after the last injection and incubated in vitro for 4 hours with — 
uracil-2-C"%, The data given in Table IX show that under 
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these conditions there was a complete inhibition of thymine bio- 
synthesis, no significant effect on nuclear cytosine, and a some- 
what greater inhibition of the incorporation of uracil into nuclear 
than into cytoplasmic RNA. 

F-cytosine is without activity against transplanted tumors 
(4), but F-cytidine has been reported as having activity against 
a transplanted leukemia (21). Accordingly, the effects of these 
compounds on the incorporation of uracil-2-C™ into nucleic 
acids was studied. In Table X it is shown that F-cytosine 
exerted a moderate inhibition of the conversion of uracil into 
mixed nucleic acid cytosine, whereas F-cytidine produced an 
inhibition of the conversion of uracil into DNA thymine as well. 
Because F-cytidine is an analogue of cytidine, an experiment was 
performed with totally labeled cytidine as the precursor. The 
results obtained are given in Table XI. The specific activity of 
the precursor was so low that the radioactivity in the cytoplasmic 
RNA fractions was too small to be measured. It was found that 
F-cytosine inhibited somewhat the conversion of cytidine into 
RNA uracil, and stimulated its conversion into nucleic acid cyto- 
sine. In the case of F-cytidine at 10-* m no radioactivity was 
detectable in any of the nucleic acid pyrimidines; at 10-> m 
there was a profound inhibition of the conversion of cytidine into 
DNA thymine, a moderate inhibition of its conversion into uracil, 
and no significant effect of its conversion into nucleic acid cyto- 
sine. 

Finally, because of the known interrelationships between RNA 
and protein biosynthesis and the inhibition of RNA biosynthesis 
produced by the fluorinated pyrimidines, it was decided to study 
the effect of 5-fluorouridine and 5-fluorocytidine on the incorpora- 
tion of p1-lysine-2-C" into the nuclear, particulate, and soluble 
proteins of Ehrlich ascites cells in vitro. As can be seen from the 


TaBLeE IX 


Effect of treatment of mice tn vivo with 6-fluorouracil on incorporation 
in vitro of uracil-2-C' into nucleic acids of Ehrlich ascites cells 
The mice bearing the Ehrlich ascites tumor were given daily 
intraperitoneal injections of 18 mg. per kg. of F-uracil starting 1 
day after transplantation. One day after the last injection the 
cells were harvested and incubated with 1 wmole of uracil-2-C", 
with 0.5 ml. of packed cells and 5 ml. medium for 4 hours at 37°. 


IS. a. nuclear/ 


| 
| 
c.p.m./pmole | 
Control | 
DNA thymine.. 8,020 100 
Nuclear RNA uracil. 106,000 | 100 
Cytoplasmic RNA ureeil.. 34,100 100 | 3.1 
Nuclear nucleic acid cyto- | | | 
Cytoplasmic RNA cytosine. 703100 
| 
5-Fluorouracil-treated cells | | 
Nuclear RNA uracil. «16,900 16 
Cytoplasmic RNA uracil. . | 8,870 | 26 
Nuclear nucleic acid cyto- | | 
Cytoplasmic RNA cy tosine not meas-— | 


urable | | 
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TaBLe X 
Effects of F-cytosine and 5-fluorocytidine on incorporation of 
uracil-2-C'* into nucleic acids of Ehrlich ascites cells in vitro 


The incubation of 0.25 ml. of packed cells in 2.5-ml. volume and 
0.5 umole of uracil-2-C' was done for 1 hour at 37°. 


| Nucleic acid |spectic activity] Pet cent of 
| c.p.m./pmole 
 Thymine 703 100 
F-Cytosine, 10°? m.... Thymine 711 101 
F-Cytosine, 10-3 m Uracil 17 ,900 102 
F-Cytosine, 10-3 Cytosine 142 55 
F-Cytosine, Thymine 655 95 
F-Cytosine, 10-5 Uracil 19,300 109 
F-Cytosine, Cytosine 193 74 
| | | 
F-Cytidine, mM...) Thymine | 75 11 
F-Cytidine, 10-3 Uracil 13,200 75 
F-Cytidine, 10°? mM... Cytosine | 63 24 
F-Cytidine, 10-5 mu. Thymine | 169 | 24 
F-Cytidine, 10-5 m Uracil { 19,20 | 109 
F-Cytidine, 10-5 Cytosine 30 
TaBLe XI 


Effects of F-cytosine and 5-fluorocytidine on incorporation of 
totally labeled cytidine into Ehrlich ascites cell 
nuclear nucleic acids in vitro 


Incorporation of totally labeled cytidine, 1 wmole in 0.5 ml. of 
packed cells in 5 ml. of medium into nuclear nucleic acids for 1 
hour at 37°. The specific activities of the eytoplasmic uracil and 
cytosine were too low to measure. 


_ Nucleic acid Per cent of 


Specific activity, 
| 


fraction controls 
| p.m. | 
Uracil | 403 | 100 
Cytosine 254 | 100 
I’-Cytosine, 10-3 M Thymine 168 | 107 
F-Cytosine, Uracil | 360 | So 
F-Cytosine, mM... Cytosine | S60 | 340 
F-Cytosine, 10-° Thymine | 160 102 
F-Cytosine, 10°° mM... Uracil | 255 | 63 
F-Cytosine, 10-5 Cytosine 661 | 260) 
F-Cytidine, Uracil 0 | 
F-Cytidine, Thymine | 56 36 
F-Cytidine, 10-5 Uraeil 250 | 2 
 Cytosine 213 | 83 


F-Cytidine, 10-5 
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TaBLeE XII 


Effect of 5-fluorouridine and 5-fluorocytidine on incorporation of 
pL-lysine-2-C'* into proteins of Ehrlich ascites cells in vitro 
The cells, 0.5-ml. packed volume in 5.0 ml. of medium, were 

preincubated for 1 hour with and without the drugs, then 1 umole 

of the labeled lysine was added and the incubation continued for 1 

hour at 37°. The cells were lysed with water containing digitonin 

as previously described (14), the nuclei were sedimented at 900 X 

g and the particles, at 100,000 X g for 40 minutes, and the soluble 

fraction was the high speed supernatant. These three fractions 

were precipitated with perchloric acid, washed with perchloric 
acid, alcohol, and alcohol-ether, and dried and plated. 


Cell fraction 
c.p.m./mg. 
Nuclei 140 100 
Particles 170 100 
F-Uridine, 2 K 10-* mM...) Nuclei 147 105 
F-Uridine, 2 X 104m... Particles 180 106 
F-Uridine, 2 X 10-4 mu... Soluble Fraction 212 96 
F-Cytidine, 2 X mM... Nuclei 156 111 
F-Cytidine, 2 X 10° Particles 169 100 


Soluble Fraction 238 104 


F-Cytidine, 2 X 10-4 mM... 


data in Table XII, the fluoro compounds had no effect on the 
incorporation process. 
DISCUSSION 

The considerable effectiveness of 5-fluorouracil and 5-fluoro-2’- 
deoxyuridine against sarcoma 180 in Swiss mice and the lesser ef- 
fect and greater toxicity of F-orotic acid and F-uridine against 
this tumor may be explained in part by the selective localization 
of F-uracil (7) and F-d Uridine and their metabolites in the tumor. 
Such selective localization of various compounds in tumor has 
only rarely been noted, such as the case of Nile blue 2B (22) and 
tetracycline (23), neither of which has antitumor activity. It 
has been found that in patients with malignant tumors the radio- 
activity in the tumor and intestinal mucosa is considerably higher 
than that of liver and other tissues after administration of la- 
beled F-uracil (2,7). A benign breast tumor in a patient had a 
lower specific activity than liver (2). 

The data reported in Table V show clearly that experiments in 
which various radioactive precursors are incubated with whole 
cell preparations may lead to erroneous conclusions about the 
relative utilization of the precursors if corrections are not made 
for the permeability of the cells to these substrates. Further- 
more, alterations in cell permeability may be produced as a con- 
sequence of environmental and metabolic effects, and neglect of 
this factor could be unfortunate. 

The lack of effect of fluorouracil treatment of ascites cells on 
the incorporation of lysine into proteins in vitro was somewhat 
surprising in view of the inhibition of RNA biosynthesis produced 
by the drug and the well known correlation between RNA and 
protein biosynthesis. In this connection it is interesting that 
Horowitz et al. (24), working with an £. coli mutant, found that 
F-uracil did not inhibit the accumulation of total protein as the 
bacteria multiplied but completely blocked the induction of 6- 
galactosidase activity. 
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The information now available about the biochemistry of the 
fluorinated pyrimidines, obtained from studies described in the 
present paper and elsewhere, may be summarized as in Scheme 
I. All compounds listed, except F-CDP and F-CTP which are 
in parentheses, have been isolated and characterized by various 
methods. It is evident from casual inspection that F-uracil and 
its derivatives undergo metabolic transformations exactly com- 
parable to uracil and its derivatives. We have shown that F- 
uracil is converted, both in vivo and in vitro in Ehrlich ascites 
cells, into F-uridine, the ribonucleoside mono-, di-, and triphos- 
phates (F-UMP, F-UDP, F-UTP) and into the deoxyriboside 
monophosphate (F-dUMP) (7). The initial step has been con- 
firmed and extended by the work of Skéld (13), who has shown 
that F-uracil reacts with ribose 1-phosphate in the presence of 
nucleoside phosphorylase to give F-uridine, which can further be 


-phosphorylated enzymatically with ATP to give F-UMP. We 


have shown in various systems that F-orotic acid is converted 
into F-UMP, and Parks et al. (25) have demonstrated the reac- 
tion of F-orotic acid and 5-phosphoribosy]l-1-pyrophosphate with 
a yeast enzyme preparation to give F-UMP. In the present 
paper we have also demonstrated the conversion of F-uridine into 
the corresponding ribonucleotides at all three levels of phospho- 
rylation and the conversion of F-dUridine into F-dUMP as well 
as its cleavage to F-uracil and subsequent conversion into ribo- 
nucleotides. It is of interest that whereas the deoxyriboside 
monophosphates of uracil and fluorouracil have been demon- 
strated, in neither case could deoxyriboside di- and triphosphates 
be demonstrated by sensitive chromatographic procedures. The 
relevance of this finding to the work of Friedkin and Kornberg 
(20) has already been discussed. 

The first stages in the catabolism of 5-fluorouracil and _ its 
nucleosides have been studied (2) and they have been shown to 
be analogous to the catabolism of uracil. The first step involves 
the cleavage of the nucleosides to F-uracil, which is then reduced 
to give dihydrofluorouracil, and hydrolyzed to a-fluoro-8-ureido- 
propionic acid. Further steps in the degradation are currently 
under study. In this connection one point of interest has 
emerged, namely, that the mouse tumors so far studied (sarcoma 
180 and Ehrlich ascites carcinoma) do not degrade F-uracil to 
any measurable extent (2). This lack of catabolic activity with 
respect to nucleic acid analogues and precursors may be a general 
metabolic characteristic of tumors, which could explain the se- 
lective localization of F-uracil in tumor tissue. Potter has 
pointed out clearly (26) that whereas rat liver in vivo degrades 
thymidine very extensively, the Novikoff hepatoma does not. 
Skipper and Bennett (27) have recently reviewed a number of 
other cases in which tumors have been shown to have a low cata- 
bolic activity for various other nucleic acid precursors and me- 
tabolites. 

We had previously reported that F-uracil and F-orotic acid are 
incorporated into RNA in liver, spleen, and mouse tumors (3, 7). 
This incorporation was proved by the isolation from the RNA 
hydrolysates of a nucleotide characterized as a mixture of 5- 
fluorouridine 2’- and 3’-monophosphates. In the present paper 
we have shown that F-uridine and even F-dUridine are incorpo- 
rated into RNA in the same way. A similar incorporation into 
the RNA of FE. coli K-12 has been found.? The incorporation of 
F-uracil into tobacco mosaic virus RNA has been demonstrated 
by Gordon and Staehelin (28), together with an inhibition of 
virus production. <A similar inhibition of the formation of this 


2C. Heidelberger and A. Richter, unpublished data. 
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Scheme I. 


virus has been reported by Davern and Bonner (29), which may 
also be a result of the “fraudulent” RNA. 

We have also reported that the fluorinated pyrimidines, partic- 
ularly F-uridine, inhibit the incorporation of labeled uracil and 
orotic acid into RNA uracil (10, 11). This observation has been 
confirmed by Eidinoff et al. (30) and by Melnick et al. (31). Al- 
though Stone and Potter (32) have found that F-orotic acid in- 
hibited the conversion of orotic acid into UTP and Skéld (13) 
has reported that F-uracil inhibits the nucleoside phosphorylase 
conversion of uracil to uridine, for various reasons that have been 
discussed (11) we prefer to believe that the main site of fluoro 
pyrimidine inhibition of RNA biosynthesis is at the level of the 
polymerization reaction, and it is so indicated in the scheme. 

In the initial publication (3) we reported that F-uracil and F- 
orotic acid inhibited the incorporation of labeled formate into 
DNA thymine and suggested that the methylation reaction of 
dUMP to dTMP, as described by Friedkin (33), was specifically 
inhibited by these compounds. This conclusion was supported 
by the microbiological investigations of Scheiner et al. (34). 
More recently (11) we showed that with suspensions of Ehrlich 
ascities cells, F-d Uridine was the most potent inhibitor of the in- 
corporation of formate into DNA thymine of the series of fluo- 
rinated pyrimidines investigated. The evidence that the locus 
of the block was at the methylation reaction was strengthened 
by the fact that in Ehrlich ascites cells the fluoro compounds did 
not affect the incorporation of tritium-labeled thymidine into 
DNA thymine. In fact we found (10) that in vivo, fluorouracil- 
treated mice showed an increased utilization of thymidine as 
compared with the untreated controls; the same thing was found 
by Eidinoff et al. (30) with human carcinoma cells in vitro. On 
the basis of this information we pointed out that these compounds 


inhibited the methylation reaction (11) and postulated that 
F-dUMP, which we had shown to be produced metabolically from 
F-uracil in vitro (7, 11) was the true inhibitor of this reaction. 

Cohen and Barner (35), based on their studies of ‘“thymineless 
death” in bacteria, postulated that compounds that would spe- 
cifically inhibit DNA biosynthesis might be of interest in cancer 
chemotherapy. The knowledge that the fluorinated pyrimidines 
blocked the methylation reaction leading to the formation of 
dTMP, stimulated Cohen et al. (19) to study these compounds, 
which culminated in their demonstration that F-dUMP irrevers- 
ibly inhibited the methylation reaction in a partially purified en- 
zyme system obtained from F. colt. 

An interesting study which bears on the mechanism of tumor 
inhibition was reported by Lindner (36). He carried out quanti- 
tative cytological examination of Ehrlich ascites cells obtained 
from control and F-uracil-treated mice and observed that the 
latter cells had increased greatly in size, and in RNA and protein 
content per cell. However, the DNA per cell decreased to about 
one half the normal value without change in chromosome num- 
ber, which indicated that the cells had divided without synthesiz- 
ing additional DNA. This finding of “unbalanced growth” rep- 
resents a confirmation of Cohen’s hypotheses (35) in the case of 
cancer cells. 

The evidence for the effects of the fluorocytosine derivatives is 
not as strong as for the others. However, the findings that 5-F- 
cytidine inhibited the incorporation of uracil into DNA thymine 
and nucleic acid cytosine and the incorporation of cytidine into 
DNA thymine and RNA uracil could be explained as indicated 
in Scheme I. The formulation of the conversion of uridine to 
cytidine nucleotides at the triphosphate level is based upon 
Lieberman’s studies in bacterial extracts (37). 
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Thus far four biochemical effects of the fluorinated pyrimidines 
have been discovered: (a) the conversion of the pyrimidine bases 
and nucleosides into ribonucleotide mono-, di-, and triphosphates, 
and deoxyribonucleoside monophosphate; (6b) incorporation into 
RNA; (c) inhibition of RNA biosynthesis; and (d) inhibition of 
the methylation of deoxyuridylic acid to thymidylic acid. Al- 
though it seems probable that the inhibition of the methylation 
reaction is responsible for the tumor inhibition produced by F- 
uracil and F-dUridine, this is by no means certain, and studies 
are continuing to relate biochemical mechanisms to tumor chemo- 
therapy. 


SUMMARY 


After the administration to tumor-bearing mice of 5-fluoro- 
uridine-2-C™ and 5-fluoro-2’-deoxyuridine the excretion and dis- 
tribution of radioactivity were determined. 5-Fluorouridine was 
excreted to a greater extent in the respiratory carbon dioxide, 
and there was a considerable degree of selective localization of 
5-fluoro-2’-deoxyuridine in the tumor. 5-Fluorouridine was in- 
corporated into RNA, and so was 5-fluoro-2’-deoxyuridine to a 
lesser extent. This incorporation resulted from the cleavage of 
5-fluoro-2’-deoxyuridine to 5-fluorouracil which is subsequently 
converted into ribonucleotides and incorporated into ribonucleic 
acid (RNA). Although the presence of fluorouridine mono-, di-, 
and triphosphates could be demonstrated, only the deoxyriboside 
monophosphate was present in tissues. 

The permeability of Ehrlich ascites cells in vitro to a number 
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of fluorinated pyrimidines and their normal analogues was de- 
termined. Except for the case of 5-fluoroorotic acid, the fluoro 
derivatives were taken up by the cells to a greater extent than 
the uridine compounds. There was a concentrative uptake of 
5-fluorouracil, 5-fluorouridine, and uridine into the cells. In 
order to compare the incorporation of several precursors into 
nucleic acids in whole cell preparations it is necessary to correct 
for permeability effects. 

In studies with suspensions of Ehrlich ascites cells in vitro, it 
has been demonstrated that the fluorinated pyrimidines inhibit 
the conversion of deoxyuridine into deoxyribonucleic acid (DNA) 
thymine, that the fluoro compounds are incorporated into nuclear 
RNA more rapidly than into the cytoplasmic RNA, that the 
compounds exert no effect on the incorporation of 'ysine-C" into 
proteins, and that 5-fluorocytidine inhibits the conversion of 
uracil and cytidine into DNA thymine and RNA uracil. 

A scheme has been presented to summarize our present knowl- 
edge of the biochemistry of the fluorinated pyrimidines. The 
main conclusions are: (a) the free bases are converted into acid- 
soluble nucleotides; (b) the compounds are incorporated into 
RNA; (c) they inhibit RNA biosynthesis; and (d) they completely 
inhibit the methylation of deoxyuridylic acid to thymidylic acid. 
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Concerning the Specificity of Streptococcal 
Deoxyribonuclease (Streptodornase*) 


J. L. Porrert anp M. Laskowski 


From the Department of Biochemistry, Marquette University School of Medicine, Milwaukee, Wisconsin 


(Received for publication, December 15, 1958) 


The elucidation of nucleotide sequences in chains of deoxy- 
ribonucleic acid would be greatly facilitated if a number of en- 
zymes, capable of hydrolyzing the polynucleotide chain at specific 
locations, were known and available. In the course of a search 
for such enzymes our attention fell upon streptodornase. The 
enzyme is derived from cultures of Streptococcus and is now avail- 
able in a state sufficiently pure to warrant the investigation of its 
specificity. 


EXPERIMENTAL AND RESULTS 


Streptodornase was obtained through the courtesy of Dr. B. L. 
Hutchings (Lederle Laboratories), to whom we express our grati- 
tude. DNA was prepared from calf thymus according to Kay 
et al. (2). 

The products of enzymatic digestion were analyzed with col- 
umn chromatography essentially according to Sinsheimer (3) 
but modified as previously described (4). Paper chromatog- 
raphy involved the methods of Hotchkiss (5), Markham and 
Smith (6) and Bergkvist (7). Paper ionophoresis was carried out 
according to Markham and Smith (6). 

In addition, the following enzymes have been used in this 
study: crystalline pancreatic DNase I (purchased from Worthing- 
ton Biochemical Corporation); prostatic phosphatase,' prepared 
according to Boman (8) with previously described modification 
(9); and snake venom phosphodiesterase prepared by a recently 
modified method,? which involves acetone fractionation accord- 
ing to Koerner and Sinsheimer (10), fractionation with ethanol 
at pH 6.0, and chromatography first on CM-cellulose (11), then 
on DEAE-cellulose (12, 13). The contamination by 5’-nucleo- 
tidase in these preparations was below the level of detection. 

Streptococcal DNase was studied in order to establish optimal 
conditions for activity. Fig. 1 illustrates the influence of pH 
on activity measured spectrophotometrically by the increase in 
extinction at 260 my. Fig. 2 shows the effect of Mg++ concen- 
tration on activity. Similar activating effects were observed 
with other divalent cations: Mn++, Sr++, Ca++, Znt+, Cott. 
Complete inhibition of the enzyme was observed in a medium 
containing 0.001 m Versene (ethylenediaminetetraacetate). 


* A highly purified preparation of streptococcal deoxyribonu- 
clease, a component of Varidase Streptokinase-Streptodornase 
(Lederle). 

t Supported by Grant Nos. E-28 and E-57A from the American 
Cancer Society and Grant No. AT(11-1)293 from the Atomic En- 
ergy Commission. A preliminary report has been published (1). 

t Present address, Institute of Pathology, Western Reserve 
University School of Medicine, Cleveland, Ohio. 

1 We are indebted to Dr. L. Cunningham for this preparation. 

Unpublished. 


The spectrophotometric method has also been used for an 
approximate estimation of the extent of digestion. Samples of 
DNA were exhaustively digested with DNase I and streptococcal 
DNase, respectively, and the increases in optical density were 
compared. In the case of DNase I the number of internucleotide 
bonds broken is established as about 25 per cent (14). On the 
assumption that the optical effect is proportional to the num- 
ber of linkages broken, the corresponding value for streptococcal 
DNase digestion would be about 18 per cent of internucleotide 
bonds hydrolyzed. Wheras this is only an approximation (15), 
further experiments provide indirect evidence in support of the 
above value. 

Calf thymus DNA (320 mg.) was digested with streptococcal 
DNase, and the digest was chromatographed on Dowex 1-X2 
column (Fig. 3). There are practically no mononucleotides 
(the first peak from the column represents an unavoidable con- 
tamination from resin), and only traces of dinucleotides. The 
greater part of the digest could be eluted only with 0.75 m or 
higher ammonium formate, suggesting that the fragments are 
of the order of tri- to decanucleotides. 

The amount of mononucleotides (about 0.1 per cent) was too 
small for characterization. In order to establish whether the 
fragments are terminated in 3’- or 5’-phosphate, the following 
procedure was used. The “0.75 m fraction,” which is composed 
predominantly of trinucleotides, was chosen as a substrate. 
Should the fragments be terminated in 5’-phosphate, the diges- 
tion with phosphodiesterase will lead exclusively to a mixture of 
mononucleotides: pXpYpZ — pX + pY + pZ. Should frag- 
ments be terminated in 3’-phosphate, digestion will lead to 3 
nucleosides, 4 nucleotides, and 4} nucleoside diphosphates: 
XpYpZp — X + pY + pZp. The results of the digestion of 
“0.75 m fraction,” with phosphodiesterase are illustrated in Fig. 
4. There is only a trace of nucleosides (occurring during lyo- 
philization of the fraction); nucleoside diphosphates are absent, 
whereas all four mononucleotides are present and account for 
96 per cent of the 0.75 m fraction. It is concluded therefore that 
the products are terminated in 5’-phosphate, as they are in the 
digest of DNA by pancreatic DNase I. 

In view of this finding it appeared desirable to investigate 
whether the same internucleotide linkages are hydrolyzed by 
DNase I and streptococcal DNase. The results of the experi- 
ment in which a total, nonfractionated digest of DNA by one 
of the enzymes was subjected to the action of the second enzyme 
are shown in Fig. 5. Only in the sequence in which streptococcal 
DNase was followed by DNase I was there evidence of substantial 
further digestion. The results could be interpreted to mean that 
DNase I, beside cleaving the same bonds as streptococcal DNase, 
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4E560 /60 MIN 


pH 


Fic. 1. Effect of pH on activity, measured spectrophotometri- 
cally at 260 my, at room temperature (25°). Reaction mixture 
contained 1.4 ml. of a solution of DNA of the optical density 
Eogo = 1.5; 1.6 ml. of 0.2 m buffer, acetate, tris(hydroxymethy]) 
aminomethane, or borate; 0.075 ml. of 1 m MgSO,; and 0.01 ml. of 
streptococcal DNase solution, equivalent to 240 ug. of dry powder. 


6 


[02 04 06 08 10 
MgSQOq4. M 

Fig. 2. Effect of Mg ion on activity, measured spectrophoto- 
metrically as A E260 per 60 minutes at pH 7.0, room temperature 
(25°). Reaction mixture contained 1.2 ml. of DNA solution (as in 
Fig. 1); 1.8 ml. of 0.1 m borate buffer, pH 7.0; 0.06 ml. of strepto- 
coccal DNase, equivalent to 486 wg. of dry powder. 1 m MgSO, 
was added to produce the desired molarity. 


cleaves some additional bonds, whereas streptococcal DNase is 
unable to cleave any bonds other than those susceptible to 
DNase I. 

An alternative interpretation that part of the DNase I digest 
is susceptible to a further digestion by streptococcal DNase is 
supported by the following evidence. First, when, instead of a 
complete digest of DNase I the “1 m” or the ‘2 m fractions,” 
representing larger oligonucleotides, were isolated and used as 
substrates for streptococcal DNase, further digestion was ob- 
served. Second, at least one of the dinucleotides isolated from 
the streptococcal DNase digest represents a sequence d-pApC, 
which is absent in the DNase I digest. The characterization 
of two dinucleotides from the streptococcal DNase digest is 
described in detail. 

The first peak appearing with 0.5 m ammonium formate (Fig 
3) was lyophilized and subjected to ionophoresis. Two ultra- 
violet-absorbing bands were obtained (Fig. 6). The slower mov- 
ing band, marked a, had a spectrum characteristic of cytosine 
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derivatives. The band was eluted and treated with prostatic 
phosphatase to remove the terminal phosphate. The mixture 
was then chromatographed in the solvent of Hotchkiss (5). As 
expected for a dinucleoside monophosphate (9) the spot showed 
a very slow movement, and no other spot was observed. The 
spot was eluted, subjected to the action of purified snake venom 
phosphodiesterase, and chromatographed in the solvent of 
Hotchkiss (5) with deoxycytidine as a marker. Two spots were 
observed, one moving as deoxycytidine; the other, which re- 
mained static, was subjected to ionophoresis with four mono- 
nucleotides as markers. The mobility and spectrum of this spot 
were identical with d-pC. The original dinucleotide was there- 
fore d-pCpC. The band marked 8 (Fig. 6) was treated with 
the Burton reagent (concentrated formic acid cortaining 3 per 
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Fic. 3. Elution pattern of digest of DNA by streptococca. 
DNase. Calf thymus DNA (320 mg.) was incubated with 31.4 mgl 
of streptococcal DNase for 24 hours in 20 ml. of 0.2 m borate buf- 
fer, pH 7.0, and 0.5 ml. of 1 m MgSO,. The reaction mixture was 
placed on a Dowex 1-X2 column, 1 X 20cm. Ammonium formate 
buffer, pH 4.5, of molarity indicated by the figures above the ar- 
rows, was used for elution. 


30+ 
pC 

20h pA 
O 
© 
uJ 

|.OF | 

iO 20 30 


TUBE NUMBER 


Fic. 4. Digestion of ‘0.75 m fraction’’ with phosphodiesterase. 
The fraction was dissolved in 2.0 ml. of .05 m tris(hydroxymethyl)- 
aminomethane buffer, pH 8.9, containing 0.01 m MgSO,. Phos- 
phodiesterase (0.124 U of the potency of 18 U per F239) was added 
(11), and the mixture was incubated for 6 hours at 37°. Chroma- 
tography was carried out on a Dowex 1-X2 column, 15 X 0.9 cm., 
with 0.1 M ammonium formate, pH 4.5, used for elution. 


| 
9 
O8/ ™~, | 
LJ 
404 

| 
\ 
| 
d 
\ 
t 
p 
| P 
| p 
*p 
= 
| o 
i d 


May 1959 


DNASE I 


re- 2°60" 20 40 60 80 100 
ith TIME, MIN. 

Fig. 5. Successive action of DNase I and streptococcal DNase. 
Activity measured spectrophotometrically at 260 my. Lower 
curve, reaction mixture contained 1.2 ml. of the solution of DNA 
(as in Fig. 1); 1.8 ml. of 0.4 m borate buffer, pH 7.0; 0.06 ml. of 1m 
MgS0O,; and streptococcal DNase solution containing 10.3 mg. per 
ml., added in portions of 0.02 ml. until no further increase in ex- 
tinction was observed. At the time indicated by an arrow, 0.01 
ml. of solution of DNase I containing 4.7 mg. per ml. was added. 
The upper curve represents the reversed procedure. 


cent of diphenylamine(16)) for 14 hours at room temperature. 
The digest, freed of formic acid and diphenylamine by ether 
extraction, was chromatographed in butanol-water-ammonia. 
Two spots were found: one with the mobility and spectrum of 
adenine, and another which had no mobility in butanol. The 
latter spot was subjected to electrophoresis and characterized 
as d-pC. The dinucleotide was therefore identified as d-pApC.’ 

An experiment was then carried out in which “2 m fraction” 
obtained from the streptococcal DNase digest of DNA (Fig. 3) 
"a. was subjected to the action of DNase I. The digest was chro- 
ig matographed on a Dowex 1-X2 column, and the pattern is pre- 
sented in Fig. 7. Two dinucleotides were isolated from the ‘0.25 
ite mM fraction.”” They were identified by the Burton technique (16) 
ar- as d-pCpA and d-pTpA. Both of these are found in the digest 
of DNA produced by DNase I alone. 

The tabulation of identified dinucleotides (Table 1) indicates 
that streptococcal DNase favors the production of at least one 
purine-pyrimidine dinucleotide with a sequence opposite to 
that produced by DNase I. Previous work indicated that the 
preferential linkage cleaved by DNase I is pPu-pPy (9, 17). It 
would then appear that the linkage preferentially cleaved by 
streptococcal DNase is pPy-pPu. 

Further support for this view is derived from the experiments 
in which the “2 m fraction” and the ‘0.75 m fraction,”’ produced 
by the action of streptococcal DNase on DNA were respectively 
dephosphorylated with prostatic phosphatase, further degraded 
with phosphodiesterase, and then fractionated by ion exchange. 
All four deoxyribonucleosides were obtained in each case, but 

3 Burton’s reagent is useful in solving the sequence of nucleo- 
tides in one-half of the possible combinations of dinucleotides, 
provided it is known whether dinucleotides are terminated in 3’- 
or 5’-phosphate. Of 16 possible combinations, four are repetitions 


such as d-pApA and d-pCpC and thus they pose no sequential 
problem. Of the remaining 12, eight represent the mixed purine- 


se. pyrimidine sequences and can be solved as follows: pPupPy and 
1)- pPvpPu will both be attacked to liberate the purine bases. How- 
»S- ever, in the first case the nucleotide pPy will be formed, whereas 
ed in the second case the nucleoside diphosphate pPyp will be formed. 
1a- Only sequences of mixed pyrimidine dinucleotides (d-pCpT and 


n., d-pTpC) and mixed purine dinucleotides (d-pApG and d-pGpA) 
cannot be established by this method. 
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the ratio of purine nucleosides to pyrimidine nucleosides varied 
from 2.0 in the case of the “0.75 m fraction” to 1.5 in the case of 
the ‘‘2.0 m fraction.”’ 

The resistance of pPy-pPy bonds to streptococcal DNase was 
established as follows. A sample of DNA was treated with 
Burton’s reagent (16) for 17 hours at room temperature. Formic 
acid and diphenylamine were removed by ether extraction, the 
pH of the aqueous layer was adjusted to 8.5 with ammonia, and 
the mixture was chromatographed on Dowex 1-X2. The frac- 
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Start 


Fic. 6. Ionophoresis of ‘‘0.5 m fraction’’ obtained from a digest 
of DNA by streptococcal DNase (see Fig. 3). Ionophoresis ac- 
cording to Markham and Smith (6), 0.1 m sodium acetate buffer, 
pH 3.5, 20 volts per em., 100 minutes. 
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Fic. 7. A ‘2m fraction” was obtained from a digest of DNA by 
streptococcal DNase (Fig. 3), lyophilized, and dissolved in water. 
A 20-ml. aliquot containing 480 2s units was adjusted to pH 7.5; 
Mg** was added to make final concentration of 0.025 mM; and the 
mixture was treated with 300 ug. of DNase I. The pH was main- 
tained at 7.5 by the addition of dilute alkali as required. Total 
incubation time was 9 hours at 30°. At this time the pH was ad- 
justed to 8.5, and the mixture was placed on a Dowex 1-X2 column, 
15 X 0.9 cm. Elution was performed with ammonium formate 
buffer, pH 4.5, of molarity indicated by the figures above the ar- 
rows. 
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tion eluted with 1 M ammonium formate was subjected to the 
action of streptococcal DNase. No evidence of digestion was 
obtained, and the material was quantitatively recovered in the 
“1 m fraction” upon rechromatography. It was therefore con- 
cluded that tracts of pyrimidines are resistant to the action of 
streptococcal DNase. 
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Fig. 8. Elution pattern of the ‘2 m fraction’’ obtained from 
the digest of DNA by streptococcal DNase and treated with the 
Burton reagent. Two ml. of the ‘2 m fraction’’ containing 480 
E260 units was treated with 4 ml. of Burton reagent for 18 hours at 
room temperature. Diphenylamine and formic acid were removed 
by ether extraction. The pH of the aqueous layer was adjusted 
to 8.5, and a Dowex 1-X2 column, 15 X 0.9 cm., was charged with 
the digest. Elution was carried out as in Fig. 7. 


TaBLeE II 
Characterization of streptococcal DNase 


Streptococcal DNase | Pancreatic DNase I 


1. Susceptible substrate..... DNA DNA 
2. Type of attack........... Endonuclease Endonuclease 


5’-Terminated | 5’-Terminated 
4. Preferential linkage...... pPy-pPu _ pPu-pPy 
5. 7.0 7.0 


Mg** or other | Mg** or Mn*> 
divalent cat- 


10n 


6. Metal requirement....... 
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Another experiment was performed in which DNA was ex- 
haustively digested by streptococcal DNase and was then frac- 
tionated on Dowex 1-X2 (as in Fig. 3). The “2 m fraction” 
was collected and degraded with the Burton reagent (16), and 
the products were then chromatographed on Dowex 1-X2 (Fig. 
8). Two assumptions were made in regard to the ‘‘2 m fraction.” 
First, since it was produced by the action of streptococcal DNase 
the remaining internucleotide linkages must be relatively (if not 
totally) resistant to streptococcal DNase. Second, it was as- 
sumed that the average chain length of oligonucleotides‘ in the 
“2 m fraction” is about 10. As shown in Fig. 8, the tracts of 
pyrimidines which were produced by the formic acid treatment 
varied in length from 1 (0.25 m fraction) to probably 10 (2 m 
fraction). The purine to pyrimidine ratio of the original frac- 
tion was close to 1; this suggested that the complementary part 
of the pyrimidine fragment was composed of a tract of purines. 
The results of this experiment in an indirect way suggest that 
tracts of purines are also resistant to streptococcal DNase. 

In a recent discussion of classification of nucleases (18) it has 
been proposed to use four independent criteria for characteriza- 
tion of a nuclease: susceptible substrate, type of attack, type of 
products formed in respect to the position of monoesterified 
phosphate (3’- as compared with 5’-terminated), and the loca- 
tion of preferentially susceptible linkage in respect to adjacent 
bases. 

In order to characterize streptococcal DNase along these lines 
an experiment was performed in which RNA was used as sub- 
strate. No evidence of activity was detected. Concerning the 
type of attack streptococcal DNase is definitely an endonuclease. 
This is based on two observations: (a) practically no mononucleo- 
tides are formed, and (b) the decrease in viscosity is rapid, in- 
dicating that cleavages are distributed along the whole chain. 
Table II summarizes the results obtained. Corresponding data 
for pancreatic DNase I are given in the last column for com- 
parison. Optimal pH and metal activation have been added for 
completeness of characterization. 


SUMMARY 


Streptococcal deoxyribonuclease (streptodornase) has been 
characterized as a: deoxyribonuclease of the endonuclease type, 
cleaving the 3’-phosphate bond, and producing 5/’-terminated 
fragments of variable length. Only traces of mononucleotides 
are produced, together with small amounts of dinucleotides. 
The majority of the fragments are larger than dinucleotides. 
The total number of bonds cleaved is approximated as 18 per 
cent. The preferential cleavage involves the pPy-pPu bonds. 
The optimal pH is 7, and optimal Mg ion concentration is 0.02 M. 
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Carbon Dioxide Fixation in Marine Invertebrates* 


I. THE MAIN PATHWAY IN THE OYSTER 


CARL S. HAMMENT AND M. WILBUR 


From the Department of Zoology, Duke University, Durham, North Carolina and the Duke University 
Marine Laboratory, Beaufort, North Carolina 


(Received for publication, December 5, 1958) 


Carbon dioxide fixation has not been studied extensively in 
the invertebrate animal groups. In an early study Van Niel et 
al. (1) with C" showed fixation of CO: into succinic acid in 
the protozoan Tetrahymena geleiz. Hultinand Wessel (2) studied 
incorporation of CO, into proteins of developing sea urchin eggs 
(Psammechinus miliaris) with attention on metabolic patterns of 
development rather than individual fixation reactions. The 
parasitic nematode worm Heterakis gallinae was found by Fair- 
bairn (3) to fix CO, into propionic acid, which is excreted, and 
into a nonvolatile acid, probably succinic. Malic enzyme has 
been extracted from the blood of the silkworm and several forest 
insects (4) and from muscle of the parasitic nematode Ascaris 
lumbricoides (5), indicating that these animals can also fix CO>. 

This report concerns processes of carbon dioxide fixation in the 
oyster, which has the special problems of converting CO: to shell 
carbonate and of secreting a matrix of conchiolin in which the 
CaCO; crystals are deposited when the shell is formed. The 
deposition of carbonate may well be related to decarboxylation 
reactions of the shell-forming mantle tissue. This is suggested 
by a high oxaloacetic decarboxylase activity in this tissue (6) 
and a marked increase in calcium deposition on the addition of 
oxaloacetate to a preparation in vitro consisting of mantle tissue 
and its attached shell (7). The present study has demonstrated 
that the oyster has the capacity to deposit bicarbonate of sea 
water as shell carbonate and to fix carbon dioxide into citric 
acid cycle intermediates and compounds which contribute to the 
organic matrix of shell. Details of the pathway have been fol- 
lowed by incubating mantle tissue with labeled compounds and 
identifying labeled intermediates. 


EXPERIMENTAL 


Materials and Methods 


Oysters, Crassostrea virginica, were collected below low tide 
level in estuaries in the vicinity of Beaufort, North Carolina. 
They were kept in the laboratory in running sea water in wood 
tanks or in glass aquaria with aeration and frequent changes of 
water. The shells were scrubbed to remove adherent organisms 
and debris. 

NaHCO; was prepared from BaC'™O, treated with perchloric 
acid in an apparatus (9) containing the calculated amount of 


* Supported by a grant from the Office of Naval Research. The 
data are taken in part from the doctoral dissertation by Carl 8. 
Hammen submitted to the Duke University Graduate School. 

t Present address, Department of Science, Newark State Col- 
lege, Union, New Jersey. 


NaOH. In experiments on the incorporation of C" into shells, 
individual oysters were placed in covered vessels containing 500 
ml. of previously aerated sea water to which 120 uc. of NaHCO; 
had been added. Right shells from which all tissue had been 
removed were placed in a similar solution. After 12 hours of 
incubation the radioactivity of the inner shell surface of an area 
of 1.13 cm.? near the posterior margin was measured directly 
with an end window (1.9 mg. per cm.?) counter (8). Fragments 
of shell of about 450 mg. from the same region were digested 
with 7 per cent perchloric acid and the radioactivity measured 
separately for the acid-insoluble conchiolin matrix material and 
the carbonate, which was converted to the barium salt. Cor- 
rections were made for the self absorption of the carbonate. 

In measurements of the uptake of C' by fractions of mantle 
tissue about 1 gm. of tissue was incubated in 8.0 ml. of sea water 
in 50-ml. flasks. A ml. of NaHCO; with an activity of 120 ue. 
was added and the tissue incubated at 23.0-23.3° with shaking. 
The tissue was killed by adding 1.0 ml. of a solution of trichloro- 
acetic acid (100 gm. trichloroacetic acid plus 100 ml. water). 
After thorough homogenization the tissue was extracted three 
times with 2-ml. portions of ether followed by a similar extraction 
with 80 per cent ethanol. The residue was suspended in distilled 
water. Samples were dried and counted in counting cups con- 
taining a disk of lens paper to promote even distribution. Since 
all samples contained less than 1.4 mg. per cm.?, corrections were 
not made for self absorption. 

Organic acids were extracted from fresh mantle tissue with 
acetone after the method of Frohman et al. (10). The 2,4-di- 
nitrophenylhydrazine derivatives of the keto acids were prepared 
by a modification of the procedure of El Hawary and Thompson 
(11). Free amino acids were extracted with 80 per cent ethanol. 
Organic and amino acids were separated by descending chroma- 
tography on Whatman No. 1 paper. The solvent systems for 
the organic acids were ethanol-ammonia-water (80:5:15) and 
butanol-6 n formic acid (50:50). The paper was sprayed with 
Hargreaves mixed indicator of bromphenol blue and methyl yel- 
low in 95 per cent ethanol. Amino acids were chromatographed 
with phenol-water (80:20) and butanol-propionic acid-water 
(10:5:7), and the paper was sprayed with 0.5 per cent ninhydrin. 
Phenylhydrazones of the keto acids were separated by ascending 
chromatography with Whatman No. 3 MM paper and n-butanol 
saturated with 0.5 mM ammonia. 

The quantitative analysis of organic acids in ether extracts of 
mantle was made with the silica gel column of Bulen et al. (12), 
except that a coarser grade of gel was used, and a total of 160 
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ml. of the butanol-chloroform mixtures was collected in 2-ml. 
fractions. 

Fixation of carbon dioxide into individual compounds of the 
mantle was investigated by incubating the tissue in sea water 
with NaHC"O; for various periods up to 60 minutes, and with 
Na-1-C'*-propionate for various periods up to 10 minutes. The 
tissue was killed with cold acetone and HCl and extracted for 
chromatography as before. Fumaric and malic acids were 
added at the origin of the chromatograms to aid in locating them. 
Spots were counted with a gas flow counter with a “Mylar” 
window placed directly on the paper. 


RESULTS 


Oysters placed in sea water containing NaHC"Q; incorporated 
C¥ into shell in eight out of 10 cases (Table I, Column 2). C™ 
was present both in carbonate and conchiolin. The lack of 
uniformity of the carbonate:conchiolin ratio (Columns 3 and 4) 
is to be expected, since during a given interval an oyster may 
deposit a preponderance of carbonate or secrete conchiolin. Ex- 
change occurred between sea water and isolated shells. The 
results demonstrate the ability of the oyster to fix carbon dioxide 
and to convert bicarbonate from the sea water into shell car- 
bonate. 

Carbon dioxide fixation was also demonstrated by incubating 
the shell-forming mantle tissue with NaHCO; for various 
periods. C™ was incorporated into three categories of organic 
materials: ether-soluble, aqueous ethanol-soluble, and insoluble 
fractions (Fig. 1). The specific activity of the aqueous ethanol 
fraction increased most rapidly in the first 30 minutes after which 
there was a rise in the insoluble fraction. The specific activity 
of the ether fraction, which was low, should be higher than indi- 
cated because of the presence of trichloracetic acid. 

Preliminary to a study of carbon dioxide fixation into in- 
dividual compounds, a chromatographic determination was made 
of the organic and free amino acids of mantle tissue. Succinic, 
lactic, glyceric, ketoglutaric, and pyruvic acids were found, the 
latter two much less plentiful and identified as derivatives. The 
free amino acids, listed in decreasing order of concentration as 


TABLE I 
Incorporation of NaHC'40; into shell carbonate and protein 
Oysters and isolated shells placed in sea water containing 240 
uc. of NaHCO, per liter for 12 hours; 20.5°. Radioactivity of 
shell surface measured over 1.13 em.? area near posterior margin 
of right shells. 


Shell Carbonate Protein 
c.p.m. c.p.m./mg. c.p.m./meg. 
Living oysters 23,084 | 54.9 1.2 
16,455 32.5 7.0 
15,045 
12,209 
8,544 
8,351 16.6 126.5 
5,107 
4,208 | 10.5 | 10.7 
| 
10 | 
Isolated shells 161+ 32 | 16405 214121 
9 samples | 
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Fig. 1. Radioactivity of fractions of mantle tissue incubated 
with NaHCO; in sea water. 


TABLE II 
Incorporation of NaHCO; and Na-1-C'4-propionate into organic 
acids of mantle tissue 

In the bicarbonate experiment 17.5 gm. of tissue were incubated 
at 27.5° in 100 ml. of sea water containing 120 ue. of NaHCO. 
In the propionate experiment 9.5 gm. of tissue were incubated at 
27.8° in 8 ml. of sea water containing 3 ue. of Na-1-C'*-propionate. 
Both incubations for 6 minutes. 


C'4-bicarbonate C'4-propionate 
(2359 + 30)* (1539 + 17)* 
: 
Total recovered.............. 100.0 100.3 


* Activity at origin in ¢c.p.m. 


estimated roughly from size and intensity of spots, were alanine, 
asparagine, aspartic and glutamic acids, serine, and occasionally 
proline. Alanine, aspartic, and glutamic acids are of particular 
interest here in that they have been found abundant in hydroly- 
sates of conchiolin of other species of mollusks (13, 14). 

The incorporation of C™ into organic acids of mantle tissue 
after incubation for 6 minutes in NaHC'Q; is shown in Table II 
(Columns 1 and 2). More than 90 per cent of the radioactivity 
was found in succinic acid with the remainder in fumaric and 
malic acids. The pattern was essentially the same when the 
incubation time was reduced to 1.5 minutes. These results sug- 
gest that succinic acid is one of the initial products of CO, 
fixation. The incorporation of C™ into free amino acids after 6 
minutes of exposure to NaHC™Q; is given in Table III. Aspartic 
acid contained most of the activity. Glutamic acid and alanine 
were labeled to a small extent, and no activity was present in 
asparagine and serine. The labeling of the three amino acids 
implies transamination reactions with keto acids, principally be- 
tween oxaloacetic and aspartic acids. Recovery on the chroma- 
tograms was low, probably resulting from both the presence of 
labeled substances other than amino acids in the 80 per cent 
ethanol extract and the loss of activity in the ninhydrin reaction. 


Is, | 
of | 
ly | 
ts | 
ad 
d 
id 
T- 
le 
ai j 
). 
mt 
- | 
e 
i- 
d | 
n | 
d 
h 
d 
r 
| 
of 
), 


1270 


TaBLeE III 
Incorporation of NaHC'*0; and Na-1-C'4-propionate into 
free amino acids of mantle tissue 
Details of experiments same as in Table II. The percentages 
for the individual amino acids show the distribution of recovered 
activity. The total recovery of material spotted on the paper is 
given at the bottom of the columns. 


C'4-bicarbonate C'4-propionate 
(683 + 9)* (646 + 16)* 
% % 
0 0 
Total 30.2 14.7 
* Activity at origin in c.p.m. 
TaBLe IV 


Concentrations of organic acids in oyster mantle tissue 
Four samples of mantle tissue analyzed. Figures show mean 
concentration and range. Oysters collected in April and May 
and kept in laboratory with frequent changes of sea water for 2 
to 17 days. 


Acid Mean + standard deviation 


mg./gm. wet weight 


Since propionic acid is the precursor of succinic acid in a 
known CO, fixation reaction (15), Na-1-C'*-propionate was sup- 
plied to the mantle for 6 minutes as with the NaHCO; experi- 
ments. Radioactivity was found in the same organic acids and 
amino acids, and in the same proportions as in the bicarbonate 
experiments (Tables II and III). Thus the 1-carbon of propio- 
nate followed the same pathway as bicarbonate. Propionic acid 
is evidently the immediate precursor of succinic acid in the 
principal CO, fixation reaction in oyster mantle. 

The content of propionic and other acids in fresh mantle 
tissue was next determined with silica gel column chromatog- 
raphy. Propionic, glyceric, lactic, and succinic acids were all 
present in high concentration (Table IV). The concentration 
of succinic acid was of the order of 200 times that of rat liver 
(16), and about 10 times that of chick embryo liver (17). Other 
acids, identified only tentatively, were present in considerably 
lower concentration. 


DISCUSSION 


The mechanism of CO, fixation in oyster mantle appears to 
be the same as that described for liver mitochondria by Lardy 
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and Adler (15). COz is first combined with propionate to form 
succinate. The similarity of pattern and proportions of labeled 
organic and amino acids in mantle with NaHCO; and with 
Na-1-C"*-propionate as starting materials offers strong evidence 
for this mechanism. Also, propionic acid is present in high con- 
centration in the mantle. Fixation by pyruvate is improbable in 
view of the absence of labeled pyruvate and the quantitative 
relations of the labeled compounds (Table II). 

The fixation of CO. by the mantle tissue appears to have 
special significance for its shell-forming activities. However, 
this would depend upon the operation of the tricarboxylic acid 
cycle. The present study has demonstrated the presence of 
citric, ketoglutaric, succinic, fumaric, malic, and pyruvic acids 
and the labeling of succinic, fumaric, and malic with CO: fixa- 
tion. Oxaloacetic acid has not been found, but the rapid ap- 
pearance of labeled aspartic acid with fixation supports the 
existence of a pool of oxaloacetic acid with a rapid turnover. 
Further evidence for the cycle in mantle comes from the finding 
of activities of several of the enzymes of the cycle and cytochrome 
oxidase and an increase in respiration on the addition of cycle 
intermediates (6). 

The cycle would provide the keto acids which, through trans- 
amination, would be converted to aspartic and glutamic acids 
and alanine, which have been found abundant in the conchiolin 
matrix of shell (13, 14). The formation of succinate resulting 
from carbon dioxide fixation by propionate accordingly would be 
important as a source of keto acids and particularly oxaloacetate, 
a part of which would be converted to aspartic acid and ulti- 
mately to shell matrix. 

Another fraction of the oxaloacetic acid would be decar- 
boxylated by oxaloacetic decarboxylase (6) to form shell car- 
bonate and pyruvate, the latter probably entering into the syn- 
thesis of glycogen. It is well known that the oyster accumulates 
large reserves of glycogen, and that the diatoms which form a 
major part of its diet are rich in fatty acids (18). Lorber et al. 
(19) showed conversion of isotopic propionate to liver glycogen 
in the rat. Other fatty acids have been shown to substitute for 
propionate in fixation of COz by mammalian mitochondria (20). 


SUMMARY 


Oysters incorporated NaHCO; from sea water into both cal- 
cium carbonate and protein matrix of shell. 

The shell-forming tissue rapidly fixed carbon dioxide in vitro 
with initial labeling occurring chiefly in succinic acid and with 
smaller amounts in fumaric and malic acids. Most of the C™ 
of the free amino acids was found in aspartic acid. The re- 
mainder occurred in glutamic acid and alanine. Na-1-C"- 
propionate gave a similar pattern of labeling. The results indi- 
cate that carbon dioxide is fixed principally by propionic acid 
resulting in the formation of succinic acid. Transamination of 
labeled tricarboxylic acid cycle intermediates would account for 
the labeling of amino acids and shell protein. 

Propionic, glyceric, lactic, and succinic acids were present in 
high concentration in the shell-forming tissue. 
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Imidazole Catalysis 
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Catalysis of p-nitrophenyl acetate hydrolysis by imidazole 
and its derivatives has been described in a number of investi- 
gations, of which the most extensive are those by Bruice and 
Schmir and by Bender and Turnquest (2-9). Imidazole cataly- 
sis of the transfer of activated acyl groups from acyl phosphates 
to a number of acceptor molecules, which is a model for carboxy]- 
activating enzymes and transacetylase, appears to be an anal- 
ogous reaction except that molecules other than water act as the 
acyl acceptor (1). The imidazole group of a histidine residue 
has been implicated as a necessary part of the catalytically active 
center of a large number of enzymes, although the evidence is 
often indirect and its exact role has not been established (10). 
The studies reported here were carried out to define more fully 
the properties and mechanisms of reaction of imidazole and acyl 
imidazoles in nonenzymatic reactions in order to provide a more 
complete background for consideration of their possible role in 


enzymatic catalysis. 
EXPERIMENTAL 


Materials—Acety| imidazole was prepared by the method of 
Boyer (11). Acetyl phosphate derivatives were prepared by 
pyridine-catalyzed acetylation with acetic anhydride as de- 
scribed by Avison (12). Acetyl-AMP was prepared by Moyed 
and Lipmann’s modification of this procedure (13). For the 
preparation of acety] pheny] phosphate 1.08 gm. of disodium pheny] 
phosphate were dissolved in 10 ml. of 40 per cent pyridine at 0° 
and 2.5 ml. of acetic anhydride were added with stirring over 5 
minutes. The mixture was immediately extracted three times 
with ether and chilled in an alcohol-ice bath. The product 
(yield, 536 mg.) was recrystallized twice for analysis by adding 
isopropanol to a concentrated aqueous solution at room tempera- 
ture. A larger yield could be obtained by adding isopropanol 
and ether to the mother liquors. The product was highly crystal- 
line and ‘was satisfactory for kinetic experiments after several 
weeks of storage over phosphorus pentoxide; the analytical val- 
ues,! however, suggested that some decomposition had taken 


place during drying. 
CsH,0;PNa 
Calculated: C 40.3, H 3.4, P 13.0 
Found: C 39.2, H 3.7, P 13.4 


* Publication No. 19 of the Graduate Department of Biochem- 
istry, Brandeis University. For Paper I of this series see (1). 
1 Analysis by 8S. M. Nagy, Massachusetts Institute of Technol- 


Acetyl ethyl phosphate was prepared similarly. Attempts to 
purify this compound were unsuccessful and it was used as the 
crude product. Dimethyl phosphate was precipitated as the 
barium salt from 80 to 85 per cent acetone after removal of con- 
taminating materials in the commercial product by addition of 
hot 1 m barium hydroxide to a concentrated aqueous solution; 
it was recrystallized from acetone-water. Deuterium oxide, 
99.8 per cent, was prepared by the Atomic Energy Commission 
and obtained through the courtesy of the Department of Chem- 
istry, Harvard University. Water and deuterium oxide were 
glass-distilled before use. 

Methods—Reactions were followed spectrophotometrically by 
measurement of the change in acetyl imidazole absorption at 
245 my or of thiol ester absorption at 232 or 235 my with a Zeiss 
PMQ II or Beckman DU spectrophotometer equipped with a 
thermostatted cell compartment. Reactants were brought to 
temperature equilibrium in a water bath before mixing and then 
transferred to a cuvette with a 1.0-cm. path length unless other- 
wise noted; shorter path lengths were obtained by the use of 
quartz inserts. Kinetic experiments were carried out with one 
reactant in great excess so that pseudo first order kinetics was 
followed. Rate constants were obtained by plotting the extent 
of the reaction, x, — Xt, against time on semilogarithmic graph 
paper and calculating the first order constants from the equa- 
tion k, = 0.693/t;. Approximately 10 points were obtained for 
each reaction, and the rates were found to follow first order kinet- 
ics closely in all cases. The pseudo first order rate constants 
obtained at each of a number of different concentrations of 
the reactant present in large excess were plotted against the con- 
centration of this reactant. The slope of this line gave the sec- 
ond order rate constant for the reaction. 

Acetyl imidazole concentration was also measured by conver- 
sion to hydroxamic acid by a slight modification of the Lipmann 
and Tuttle procedure (14). Free sulfhydryl group concentra- 
tion was measured by the nitroprusside reaction (15). The pH 
was measured at the end of each experiment with a Beckman 
model G pH meter. 


RESULTS 


Imidazole Catalysis of Acyl Transfer—In earlier experiments on 
imidazole catalysis of acyl transfer (1), naturally occurring sub- 
strates or their derivatives were used in order to imitate the ac- 
tion of known enzymes. In order to facilitate spectrophoto- 
metric studies, mercaptoethanol and mercaptoacetic acid were 
used as acyl acceptors in these experiments instead of coenzyme 
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Fic. 1. A, imidazole catalyzed acyl transfer from acetyl phenyl phosphate to mercaptoethanol at 25.0°, 0.2-cm. path length. The 
composition of the standard reaction mixture (Curve 1) was as follows: 0.02 m imidazole, pH 7.0; 0.005 m mercaptoethanol; 0.001 m 
acetyl phenyl phosphate; 0.01 m triethanolamine buffer, pH 7.0; 5 X 10-5 m ethylenediaminetetraacetic acid. 

The other reaction mixtures were the same except for the following: Curve 2, 0.01 m mercaptoethanol ; Curve 3, 0.04 m imidazole; Curve 
4, 0.002 m acetyl phenyl phosphate; Curve 5, no imidazole; and Curve 6, no mercaptoethanol (acetyl imidazole formation followed at 245 
my). 

B, Curve 1, spectra of the products from the imidazole (0.05 m)-catalyzed reaction of acetyl ethyl phosphate (approximately 0.001 m) 
with mercaptoethanol (0.01 m) in triethanolamine buffer (0.01 m, pH 7.0) at 25.0°. Curve 2, mercaptoethanol omitted. Spectra taken 
from 20 to 40 minutes after the start of the reaction, during which time there was little change in the absorption. Path length, 0.2 
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Fig. 2. A, catalysis of acyl transfer by imidazole and N-methy] imidazole (0.002 m) from acetyl pheny! phosphate (0.003 m) to mer- 
captoacetic acid (0.002 m) in triethanolamine buffer (0.01 m, pH 7.6) at 25.0°. Free sulfhydryl disappearance measured by the nitro- 


prusside reaction. 
B, formation and arsenolysis of acetyl imidazole from acetyl-AMP. The reaction mixtures contained 0.001 m acetyl-AMP and 0.1 m 


imidazole, pH 7.0. At the time indicated by the arrow arsenate to 0.028 m was added. The reaction was followed at 245 muy, 0.2-cm. 
path length, against a control cuvette containing AMP instead of acetyl-AMP. The difference spectrum of the reaction product showed 
an absorption maximum at approximately 243 mu. 
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A and glutathione, and acetyl phenyl phosphate and acetyl 
ethyl phosphate were prepared and used as acyl donors instead of 
acyl adenylates. In Fig. 1 are shown the results of an experi- 
ment in which imidazole catalysis of the formation of S-acety]l 
mercaptoethanol from acetyl phenyl phosphate was shown by 
measuring the increase in thiol ester absorption at 232 mu. 
Acetyl phenyl phosphate was present in limiting concentration, 
and the reaction follows first order kinetics in respect to thiol 
ester appearance. In the absence of imidazole the reaction rate 
is negligible under these conditions. Doubling the concentra- 
tion of mercaptoethanol has no effect on the rate, whereas in- 
creasing the concentration of imidazole increases the rate; in- 
creasing the concentration of acetyl phenyl phosphate increases 
both the rate and extent of reaction. In the absence of a sulf- 
hydryl acceptor, acetyl imidazole is formed (Curve 6) at a rate 
which, taking into account the lower extinction coefficient of 
acetyl imidazole compared to thiol esters, is approximately the 
same as that of the catalyzed reaction. Spectra of the products 
of a similar reaction in which acetyl ethyl phosphate was used as 
acyl donor are shown in Fig. 1,B. In the presence of a thiol 
acceptor the spectrum has a maximum at 233 my typical of thiol 
esters; in the absence of acceptor the absorption maximum at 
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Fig. 3. Logarithmic plot of the rate of acetyl imidazole hydrol- 
ysis, extrapolated to zero buffer concentration, against pH at 
25.0° and 0.2 ionic strength. @, imidazole buffer; O, acetate buf- 
fer; X, succinate buffer (u = 0.6); A, tris(hydroxymethyl)amino- 
methane buffer; 0, formate buffer; A, dilute hydrochloric acid; 
@, in deuterium oxide. Ionic strength maintained with NaCl. 
Solid line, calculated for v = 2.8 [AcImH*] + 0.005 [AcIm] + 
19,000 [AcIm][OH7]. 
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245 muy indicates the formation of acetyl imidazole (16).  Si- 
multaneous measurements of the course of the reaction at 235 
and 245 muy failed to show the accumulation of a measurable 
amount of acetyl imidazole in the presence of a thiol acceptor. 
Similar results were obtained with mercaptoacetate as acyl ac- 
ceptor. 

N-methyl imidazole, which cannot form a stable .\-acety] 
imidazole, is also an effective catalyst of the acyl transfer reac- 
tion. In Fig. 2,A is shown the catalysis of acyl transfer from 
acetyl phenyl phosphate to mercaptoacetate by imidazole and 
by \-methy] imidazole, measured by free sulfhydryl group disap- 
pearance. Under these conditions, with imidazole and acceptor 
present in low concentration, zero order kinetics are followed for 
the greater part of the reaction. 

Groups other than sulfhydryl can act as acceptors for the 
imidazole-catalyzed reaction. The formation of acetyl] imidazole 
from acetyl-AMP is shown in Fig. 2,B. Upon the addition of 
arsenate there is a rapid disappearance of acetyl imidazole. 
Since acetyl-AMP was shown in separate experiments not to 
react with arsenate or phosphate at a significant rate under these 
conditions, and since acetyl arsenate is not stable, the over-all 
reaction observed in this experiment is a two-step hydrolysis of 
acetyl-AMP through the intermediate formation of acetyl imid- 
azole. Similar results were obtained with phosphate as acy] ac- 
ceptor. 

Hydrolysis of Acetyl Imidazole—Stadtman has shown that the 
rate of hydrolysis of acetyl imidazole increases sharply above and 
below neutrality (16). In Fig. 3 are shown the rates of acetyl 
imidazole hydrolysis as a function of pH, obtained by deter- 
mining the rate at each pH at several different buffer concentra- 
tions and extrapolating to zero buffer concentration. This pro- 
cedure was necessary because the rate was found to increase with 
increasing buffer concentration with all buffers tested. Be- 
tween pH 5 and 8, the rates are similar to, but slightly lower than, 
those reported by Stadtman (16). Below pH 4 the rate ap- 
proaches a plateau and remains almost constant up to a hydro- 
chloric acid concentration of | mM. This suggests that in this pH 
range, acetyl imidazole becomes completely converted to its con- 
jugate acid so that a further increase in acid concentration does 
not increase the concentration of the reactive acetyl imidazolium 
cation; a similar phenomenon is well known, at lower pH, in the 
hydrolysis of aliphatic amides (17). From these data the pK’, 
of acetyl imidazole was estimated to be 3.6 and the rate law 
for acetyl imidazole hydrolysis may be formulated as 


v = 2.8{[AcImH*] + 0.005{[AcIm] + 


The calculated rate of hydrolysis from this equation is shown in 
Fig. 3 as the solid line. 

The rates of hydrolysis in deuterium oxide at neutrality and 
in 0.02 m DCI are slower than in water with ky,0:kp,0 ratios of 
2.7 and 2.5, respectively. 

The molar heats and entropies of activation for the hydrolysis 
of the acetyl imidazolium cation in 0.1 mM HCl were determined 
from rate measurements at 25.0°, 12.4°, and 1.5° as 10,260 calories 
and —30.2 calories per degree, respectively (Table I). The 
former value may be compared to 10,200 to 11,600 calories per 
mole found for Z in the mixed reaction at pH 7.6 by Atkinson and 
Green (18). 

In concentrated acid or salt solutions the rate falls off mark- 
edly. In 4.8 m perchloric acid the rate was found to be 0.257 
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min.~! compared to 2.88 min.~! in 0.1 m HCl, and in 0.8 m per- 
chloric acid and 4.0 m sodium perchlorate it was 0.173 min.-!. 
In 0.1 M HCl the decrease in the logarithm of the rate is propor- 
tional to the concentration of added sodium chloride (Fig. 4). 
Reaction of Acetyl Imidazole with Carboxylic Acids, Arsenate, 
and Phosphate—The rates of the reactions of acetyl imidazole 
with formic, acetic, and succinic acids [HA] were obtained by 
measuring the increase in the rate of acetyl imidazole disappear- 
ance with increasing buffer concentration at constant pH and 
ionic strength. The increase in rate is proportional to the con- 


TaBLeE I 
Temperature dependence of acid-catalyzed hydrolysis of 
acetyl imidazole 
All experiments were carried out in 0.1 m HCl, 0.1 Mm NaCl. 
The experiments at 25° were followed spectrophotometrically; 
those at 12.4° and 1.5° were followed by the hydroxamic acid assay 
(14) and run in quadruplicate. 


Temperature ky AH* 
min.~! calories 
25.0° 2.88 
10,086 
12.4° 1.30 
10,438 
1.5° 0.60 
A*. vs. 10,260 calories 


AS+* —30.2 calories per degree 


* Calculated from the relations: AH* = E, — RT; AF* = —RT 
In kh/kpT; AS* = (AH* — AF*)/T where E, is the Arrhenius 
energy of activation, h is Planck’s constant, and kg is Boltz- 
man’s constant. 


W. P. Jencks and J. Carriuolo 1275 


centration of added acetate or succinate buffer and is greater at 
lower pH (Fig. 5). Similar data were obtained with formic acid. 
The principal term in the rate law for these reactions is thus 


v = k{AcIm][HA] 


or the kinetically indistinguishable term 
v = 
and not 


v = k{AcIm][A7] 


The reaction of acetyl imidazole with arsenate is faster than 
with carboxylic acids and also increases with decreasing pH (Fig. 
6). The predominant reaction is thus proportional to the con- 
centration of the H,AsO¢ ion, although a plot of the rate against 
the concentration of this ion present at each pH (broken line, 
Fig. 6) intercepts the ordinate above zero, indicating that there 
is also a small contribution from the HAsO, ion. Stadtman has 
shown that the reaction with phosphate, although slower, has 
similar characteristics (16). Varying the concentration of im- 
idazole buffer at constant pH has no effect on the rate of these re- 
actions (Fig. 6,B). 

If the reactive species of phosphate and arsenate were in fact 
the monoanion, one might expect that the monoanion of dimethyl 
phosphate would react with acetyl imidazole at a similar rate. 
No reaction could be detected, however, in a 0.4 m solution of 
this compound. 

The calculated rate constants for the reactions of acetyl im- 
idazole with the different ionic species of these compounds are 


summarized in Table II. 


l 
1.O 


2.0 3.0M 


NaCl 


Fia. 4. The effect of sodium chloride concentration on the rate of hydrolysis of acetyl imidazole in 0.1 m HCl at 25.0° 


5 
a 
| 
| 
| 
| 
| 
3.Q 
| 2.0 
E 
1.0 
| 


B 
pH 4.8 
pH 
5.1 
a pH 5.6 
0.2 0.4M 
ACETATE SUCCINATE 


Fic. 5. A, the reaction of acetyl imidazole with acetate buffers at 25.0°. 
the reaction of acetyl imidazole with succinate buffers at 25.0°. 


A / B 
HAsO, / 
/ 
/ 005M ARSENATE 
/ pH 5.9 
— / 
C O4F 9° 
/ 
/ a 
= / pH 6.5 > ® pH 7.05 
/ 
/ 
° 
/ 
/ 
pH 7.1 ® pH 6.45 
0.05 M PHOSPHATE 
/ —* oH 7.01 
O.2M SUCCINATE 
OpH 7.68 
1 
0.05 0.05 0.10 M 
ARSENATE IMIDAZOLE 


Fic. 6. A, the reaction of acetyl imidazole with arsenate at 25.0°.  ------ 
strength maintained at 0.3 with sodium chloride. 


, rate as a function of the concentration of HzAsO,-. 
B, effect of imidazole on the rate of reaction of acetyl imidazole with arsenate, phos- 


Ionic strength maintained at 0.2 with sodium chloride. B 
Ionic strength maintained at 0.6 with sodium chloride. 


Ionic 


phate, and succinate at 25.0°. Ionic strength maintained at 0.3 (arsenate and phosphate) or 0.6 (succinate) with sodium chloride. 
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TABLE II 
Rate constants for reactions of acetyl tmidazole at 25° 
Reactant Ionic strength (min.~) 
H.O (AcIm) 0.2 0.005 
H.O (AcImH*) 0.2 2.8 
k, (1. mole™ min.~) 

OH- 0.2 19 ,000 
CH;COOH 0.2 1.3 
~OOCCH:2CH:COOH 0.6 1.4 
HCOOH 0.2 ~9 
H.AsO,- 0.3 6.2 
HAsO,” 0.3 0.8 
1.? 
HPO. 0.34* 
(CH;0)2PO.- 0.2 <0.01f 


* Calculated from Stadtman’s data at 26° (16) which agree 
closely with our results. 

+ Calculated for a 50 per cent increase in rate over the control; 
in fact, no significant reaction was observed with this compound. 


DISCUSSION 


Imidazole catalysis of the acyl transfer reactions described 
here appears to proceed according to the reaction scheme. 


AcOPO;R- + N NH 
1 
+ x- — 
OPO;R™ + AcN NH 5g AcX +N NH 
3 
K, 
AcN N + H* 
where X~ is the acceptor thiol, phosphate or arsenate anion. For 


the reactions with thiol acceptors, which were investigated most 
thoroughly, the reverse reactions of Steps 1 and 3 do not appear 
to be of kinetic significance, since the reaction proceeds to com- 
pletion and is not affected by the concentration of acceptor thiol. 
The rate-limiting step is the initial attack of imidazole on the 
acyl donor molecule, since the rate is proportional to the con- 
centration of both of these molecules and not to that of the ac- 
ceptor; furthermore, no accumulation of acetyl imidazole was 
observed. This interpretation is consistent with the similar 
reaction rates observed for imidazole and N-methyl imidazole, 
which are of similar basicity. If ks were rate-limiting it would be 
expected that the N-methyl imidazole reaction would be much 
faster, because loss of a proton (K2) is impossible for the acetyl 
N-methyl imidazolium cation, and this species would be ex- 
pected to react with the acceptor much faster than an equi- 
librium mixture of acetyl imidazole and acetyl imidazolium 
cation. Finally, the rate of the over-all reaction is the same as 
the rate of the reaction of the acyl donor with imidazole in the 
absence of acceptor. Brouwer et al. (7), ina study of the imidaz- 
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ole-catalyzed hydrolysis of p-nitrophenyl acetate, have found 
that the formation of acetyl imidazole and the release of p-nitro- 
phenol proceed at the same rate, which indicates that acetyl 
imidazolium is not hydrolyzed before it can attain equilibrium 
with acetyl imidazole and that the equilibrium mixture of acetyl 
imidazole and acetyl imidazolium is an intermediate in this reac- 
tion. 

The choice of the acetyl imidazolium cation rather than neutral 
acetyl imidazole as the species which reacts with the acyl acceptor 
is based on the pH dependence of the reaction of acetyl imidazole 
with thiols and other acceptors which is described in this and 
the following paper. It may be noted here that the directly 
measured rate of this reaction is fast in comparison to the rate 
of the initial acylation of imidazole and is therefore consistent 
with a low steady state concentration of intermediate in the over- 
all reaction. 

The finding that N-methyl] imidazole is an active catalyst for 
acyl transfer as well as hydrolysis (3, 4) indicates that the acetyl 
imidazolium cation is sufficiently stable to react with acceptors 
other than water. The high reactivity of thiols as acyl acceptors 
is strikingly illustrated here by the fact that the acyl group of this 
reactive intermediate is transferred to 0.002 mM mercaptoacetic 
acid in preference to 55 M water. Koshland (19) has shown that 
the acetyl pyridinium cation behaves similarly and, in spite of 
an exceedingly fast rate of hydrolysis, will react with hydroxyl- 
amine in preference to water. 

The hydrolysis of acetyl imidazole was shown by Stadtman to 
consist of acid-catalyzed, neutral, and base-catalyzed reactions. 
The results in Fig. 3, which have been corrected for buffer cataly- 
sis, indicate that at pH 7 the observed rate of hydrolysis has 
contributions from all of these reactions: about 14 per cent from 
the acid-catalyzed, 62 per cent from the neutral and 24 per 
cent from the base-catalyzed hydrolyses. In dilute acid all of 
the imidazole is converted to the acetyl imidazolium cation and 
the rate becomes independent of pH. 

Although the alkaline reaction undoubtedly proceeds through 
an attack of hydroxide ion, it is not possible from these data — 
alone to decide whether the neutral and acid-catalyzed reactions 
proceed by an attack of water on acetyl imidazole or acetyl imid- 
azolium, respectively (Sv2, Equation 1), or by a preliminary dis- 
sociation to form the acetylium cation followed by a rapid reac- 
tion with water (Sy!, Equations 2a and b) 


| 
CH,;CN NH + H,O — 
(1) 
O 
CH;COH +N NH + H* 
slow 
CH;CN NH CH;C=0O* +N NH (2a) 
O 
fast | 
+ H.O0 CH;COH + H* (2b) 


| 

| 
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Reaction 2 has been suggested by Staab (20) as the normal path 
of hydrolysis of acetyl imidazole. 

That the hydrolysis of acetyl imidazolium follows the bimolec- 
ular route, Equation 1, is strongly suggested by the following 
evidence. 

1. The rate of the reaction is strongly depressed by concen- 
trated acid or salt. Edward and Meacock (21) have shown that 
the rates of hydrolysis of a series of amides at an acid concentra- 
tion such that the amide is completely converted to its conjugate 
acid, follow the equation = k2K({H;0*]/h.), where and K 
refer to the rate constant for hydrolysis of the conjugate acid by 
attack of water and to the equilibrium constant for its formation, 
respectively, and h, is the acidity function. As the concentra- 
tion of a strong mineral acid or neutral salt is increased, h, in- 
creases much faster than [H;0*] (22) which results in a decrease 
of the observed rate. This phenomenon may be regarded as the 
result of a decrease in the availability of water in these concen- 
trated solutions and its presence in the case of acetyl imidazole 
supports the bimolecular mechanism. Formation of an acetyl- 
ium cation (Equation 2), on the contrary, should be favored by 
increasing salt concentration since the transition state for this 
reaction should resemble the product in having a more localized 
charge distribution than the starting material. 

2. The rate of acetyl imidazolium hydrolysis is 2.5 times faster 
in water than in deuterium oxide. This is consistent with mech- 
anism 1, in which stretching of the O—H bonds of water occurs 
in the transition state but not with Reaction 2, which does not 
involve proton shifts. 

3. The entropy of activation for the hydrolysis of acetyl imid- 
azolium is —30.2 calories per degree. Long et al. (23) have shown 
that the entropies of activation of a series of acid-catalyzed reac- 
tions, which are known from other criteria to occur by an Syl 
mechanism, fall in the range of +9 to —6.1 calories per degree, 
compared to —20.9 to —24.6 fora group of Sy2 reactions. This 
difference is presumably due to the higher degree of orientation 
required of an attacking water molecule in the latter case than 
of a group of solvating water molecules in the former. These 
values cannot be directly compared to that obtained for acetyl 
imidazolium hydrolysis, since they include the entropy associated 
with the preliminary proton transfer to the substrate. Although 
the entropy for the dissociation of acety] imidazolium is unknown, 
it may be predicted with considerable certainty that it will be 
small and probably close to the range of —4 to —7 calories per 
degree for the dissociation of other imidazolium derivatives (24). 
Even with such a correction, the over-all entropy of acid-cat- 
alyzed acetyl imidazole hydrolysis is among the largest in this 
series and strongly supports the bimolecular mechanism. 

If it is accepted that the hydrolysis of acetyl imidazolium oc- 
curs through an attack of water, it follows that the neutral hy- 
drolysis of acetyl imidazole is almost certainly not monomolec- 
ular (20). Such a monomolecular reaction would require a 
dissociation of neutral acetyl imidazole into acetylium cation 
and imidazole anion, both highly unstable species, and would be 
even more unfavorable than the corresponding dissociation of 
acetyl imidazolium into acetylium cation and neutral imidazole. 

The further distinction as to whether the neutral reaction rep- 
resents an attack by water or an acid-catalyzed attack of hy- 
droxide ion 


AcImH?* + OH- — AcOH + Im 
cannot be answered with certainty from the available data. 
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Acetyl imidazolium reacts 5,600 and 4,800 times faster than 
acetyl imidazole with phosphate and arsenate dianions (see be- 
low). The corresponding ratio of reactivities required to account 
for the neutral hydrolysis as an attack of hydroxide ion on 
the acetyl imidazolium ion is 6,600 (k for this reaction = 
ky.oKactmu*t/Kw) which suggests that this is a reasonable mech- 
anism; the ratio for attack of water on the two species would 
be 560. 

The rate of reaction of acetyl imidazole with phosphate was 
shown by Stadtman (16) to be in largest part proportional to 
the concentration of the phosphate monoanion, H2PQ.-. The 
data reported here show that the rates of reaction of acetyl imid- 
azole with formic, acetic, succinic, and arsenic acids are also pro- 
portional in greatest part to the concentration of undissociated 
formic and acetic acids and of the half-dissociated species of suc- 
cinic and arsenic acids. In each of these cases, then, the reac- 
tion rate is proportional to a molecular species which is present 
in lower concentration and is a weaker base and nucleophilic 
reagent thar. its conjugate base, the mono- or dianion. Further- 
more, if the monoanion of phosphate were the reacting species, 
the dimethy] phosphate anion should have similar reactivity, but 
no reaction could be detected with this reagent. It therefore 
appears likely that these reactions do not involve an attack of 
the acid, but rather represent an acid-catalyzed attack of the 
conjugate base. Such a reaction is kinetically indistinguishable, 
since the concentrations of the various species are related by the 
equilibrium constant for acid dissociation 


facidJK, = [H*][base7] 


The reaction of acetyl imidazole with phosphate, for example, 
is then interpreted as an attack of the phosphate dianion, HPO,” 
on the acetyl imidazolium cation. Evidence that a number of 
other reactions of acetyl] imidazole also proceed by a mechanism 
of this kind is presented in the following paper (25). 


SUMMARY 


Imidazole catalyzes the transfer of activated acyl groups from 
acyl phosphates to sulfhydryl and other acceptor compounds. 
These reactions are formulated as proceeding through a slow 
formation of acetyl imidazole and acetyl imidazolium cation 
followed by a fast acylation of the acyl acceptor. 

N-methyl] imidazole catalyzes acyl group transfer at a similar 
rate to imidazole. This indicates that the acetyl imidazolium 
cation reacts with very dilute sulfhydryl acceptors in preference 
to water. 

The rate of hydrolysis of acetyl imidazole increases above and 
below neutrality and levels off at acid pH. The pK’, of the 
acetyl imidazolium cation is calculated to be 3.6, and the rate 
law for acetyl imidazole hydrolysis is described. 

The acid-catalyzed hydrolysis of acetyl imidazole is strongly 
inhibited by concentrated acid and salt, is 2.5 times slower in 
deuterium oxide than in water, and shows a AH* of 10,260 
calories and a AS* of —30.2 calories per degree. These results 
strongly favor a rate-limiting bimolecular attack of water on the 
acetyl imidazolium cation rather than a monomolecular forma- 
tion of acetylium cation. 

The rates of the reactions of acetyl imidazole with acetate, 
succinate, formate, phosphate and arsenate increase with de- 
creasing pH and are in largest part proportional to the concen- 
tration of acetic and formic acids and the monoanions of the 
other compounds. These reactions are not affected by imid- 
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azole buffer. 


The rate of reaction with dimethyl phosphate is 


negligible. 
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Imidazole catalysis of the hydrolysis and transfer of activated 
acyl groups appears to occur principally through the direct attack 
of imidazole on the carbony] group to form acetyl! imidazole and 
the acetyl imidazolium cation as reactive intermediates (1-5). 
In certain cases, for steric or other reasons, such direct attack of 
imidazole may not be possible or may not lead to any catalytic 
effect. This may be the case, for example, in a number of en- 
zymatic reactions for which there is evidence that the imidazole 
group of histidine is involved in the catalytic reaction but in 
which the oxygen atom of serine appears to be the first identi- 
fiable site of acylation or phosphorylation (6-9). 

The experiments reported here demonstrate a catalytic effect 
of imidazole on the hydrolysis and transfer of the acetyl group 
of acetyl imidazole. Since direct attack of imidazole to form 
acetyl imidazole can have no catalytic effect in this special case, 
this indicates that imidazole may act catalytically by a different 
mechanism, which may be of importance in enzymatic catalysis. 


EXPERIMENTAL 


The materials and methods used in these experiments are 
described in the preceding paper (5). .V-acetyl serine amide was 
prepared from serine methy! ester according to Rothstein (10). 
N-dimethylhydroxylamine hydrochloride (m.p. 106°) was _ pre- 
pared according to Hepworth (11). Aqueous solutions of this 
compound and of recrystallized hydroxylamine hydrochloride 
were neutralized with sodium hydroxide immediately before use. 
O-acy| hydroxylamine was assayed by conversion to hydroxamic 
acid (12). Amide formation was measured as hydroxamic acid 
by the procedure of Katz et al. (13) which was modified by in- 
creasing the reaction time to 90 minutes, increasing the con- 
centration of ferric chloride 4-fold, and substituting hydrochloric 
acid for trichloroacetic acid. 


RESULTS 


Hydrolysis and Other Hydroxyl Reactions—At constant pH 
and ionic strength the rate of hydrolysis of acetyl imidazole 
increases with the concentration of imidazole buffer. This in- 
crease in rate is greater at more alkaline pH, and a plot of the 
increase in rate against the concentration of imidazole present 
as the free base at a given pH gives a linear relationship (Fig. 
1). The catalyzed reaction therefore follows the rate law 


v = k.{[AcIm]{Im|] (1) 


* Publication No. 20 of the Graduate Department of Biochem- 
istry, Brandeis University, Waltham, Massachusetts. 


and k2 has a value of 0.14 1. mole! min.~!. The corresponding 
value for k2 in deuterium oxide solution was found to be 0.039 
1. mole! min.~', which gives a ku,o:kp,o ratio of 3.6. 

Imidazole catalysis of the reaction of acetyl imidazole with 
other hydroxyl-containing compounds was observed but in some 
cases was difficult to detect because of the relatively fast rate 
of the uncatalyzed reaction. With hydroxylamine, which was 
found to give 91 to 93 per cent O-acyl product from pH 2.7 to 
6.9 (cf. (12)), the reaction was faster in more acid solution and 
showed definite imidazole catalysis but was too fast to obtain 
accurate rate constants. \V-dimethylhydroxylamine reacts more 
slowly, and imidazole catalysis of this reaction was easily shown 
(Table I). With phenol, although catalysis appears to occur, it 
is small and amounts to only a 10 per cent increase in rate at 
pH 7.7 in 0.25 m imidazole. The uncatalyzed reaction with 
phenol is almost independent of pH, with only a 20 per cent in- 
crease in rate between pH 6.4 and 7.7. N-acetyl serine amide 
was found to react with acetyl imidazole (k. = 0.56 1. mole! 
min.~!) much more rapidly than water and imidazole catalysis of 
this reaction could not be definitely detected. 

Reaction of Acetyl Imidazole with Mercaptoethanol—The rate of 
the reaction of acetyl imidazole with mercaptoethanol in imidaz- 
ole buffer is greatly increased with increasing buffer concentra- 
tion, and this increase becomes greater with increasing pH 
through the range of imidazole dissociation (Fig. 2, A). At low 
buffer concentration the rates are less dependent upon the pH, 
and when extrapolated to zero buffer concentration there is 
found to be no significant variation in the rate between pH 6.5 
and 7.6. At a given pH and buffer concentration there is a 
linear relationship between the rate of reaction and the con- 
centration of mercaptoethanol (Fig. 2, B). These results cor- 
respond to the rate law 


v = k,{[AcIm][RSH] + ke[AcIm]{[RSH][{Im] (2) 
where the first term is kinetically indistinguishable from 
k{AcImH*][RS°]. 


Reaction of Acetyl Imidazole with Amines—The rate of reac- 
tion of acetyl imidazole with glycine as a function of imidazole 
concentration at three different pH’s is shown in Fig. 3. The 
rate increases with increasing imidazole concentration, and the 
increase is larger at more alkaline pH, in which imidazole is 
present to a larger extent as the free base. Extrapolation to 
zero buffer concentration shows that the uncatalyzed reaction 
rate is constant from pH 6.5 to 7.7. 
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Imidazole catalysis of the reaction of acetyl imidazole with 
semicarbazide, which exists as the free base at neutral pH, also 
increases with pH and is proportional to the concentration of 
free imidazole (Table I). The uncatalyzed reaction rate, from 
extrapolation to zero buffer concentration, is constant from pH 
8 to 7 and increases below pH 7. The reaction with methoxy- 
amine shows the same characteristics, with an even more marked 
increase of the reaction rate with decreasing pH (Table 1). 

The reactions of acetyl imidazole with ammonia and glycyl- 
glycine are complicated by the contribution of other mechanisms 
to the over-all reaction rate at alkaline pH. The rate of reaction 
with ammonia increases with the concentration of imidazole buf- 
fer, and the increase is greater at more alkaline pH (Fig. 4, A). 
When extrapolated to zero buffer concentration the rate is ap- 
proximately constant from pH 6 to 7 but increases very rapidly 
above pH 7.5. In contrast to the reaction with mercaptoethanol, 
the rate constants for the imidazole-catalyzed reaction with am- 
monia and other amines (which are calculated for the concentra- 
tion of imidazole present as the free base at each pH) increase 
with increasing pH (Table I). This suggests that imidazole is 
catalyzing reactions involving both ammonium ion, the pre- 
dominant species at neutral pH, and the free amine, which in- 
creases in concentration with increasing pH. 

At pH 6.0 and 7.5 the rate of reaction is proportional to 
the concentration of ammonium ion, but at pH 8.8 it increases 
with more than the first power of the ammonia concentration 
(Fig. 4, B). This phenomenon can be seen more clearly in the 
reaction with glycylglycine, which can be studied at a lower 
pH without the addition of imidazole buffer (Fig. 5). At low 
pH and glycylglycine concentration the rate of this reaction is 
approximately proportional to the concentration of glyeylglycine 
and varies only slightly with pH. At higher pH the rate in- 
creases with more than the first power of the glvevlglycine con- 
centration. 

These results show that these amino compounds catalyze their 


6065 70 7.58.0pH 
< 
1OF 
4+ 
0.05 


JMIDAZOLE AS FREE BASE 


Fig. 1. The increase in the rate of acetyl imidazole hydrolysis 
due to imidazole as a function of the concentration of imidazole 
present as the free base at 25.0°. Each point represent the differ- 
ence between the observed rate of hydrolysis in 0.1 mM imidazole 
buffer at a given pH and the rate of hydrolysis extrapolated to 
zero buffer concentration at the same pH. lonic strength was 
maintained at 0.2 with sodium chloride. 
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TaBLe 
Rate constants for reactions of acetyl imidazole at 25° 


Rate constant Imidazole catalytic constant 


Reactant ki (1. min.~“!)* | (1.2 mole™? min.~') 
Water (0.005 min.~') | 0.14f (1. mole™! min. !) 
0.0026§ (12 mole? 

min.~') 

Mereaptoethanol 122 | 3300) 6.5 

300 pH 7.1 

| 3200) pH 7.7 

Glycine 1.4 4.0 pH 6.5 

9.0 pH 7.1 

13.3 pH 7.7 

Ammonium chloride | 0.20 9.5 pH 6.5 

| 12 pH7.0 

21 pH7.9 

Glyeviglveine | 21 pH 6.3 


26 pH7.0 
38 pH 7.5 


Hydroxyvlamine ~ 
 ~1700° 
N-dimethylhydroxyl- 120" 4940 
amine | 
Semicarbazide | 0.79 pH 6.1 
0.51 16 pH6.5 
0.26 15 pH7.0 
0.29 20 pH 7.6 
0.31 235 «pH s.0 
Methoxvamine 11.0 pH 6.1 
2.6 112 pH 7.0 
1.0 110) pH 7.9 
16.0-19.0° 10 


Phenol 


NaCl added to give a total of 0.2 m chloride ion. 

* Caleulated for pH-independent reaction near neutrality with 
use of the concentration of RSH or RNH,-. 

T Caleulated for the concentration of imidazole present as the 
free base. 

Neglecting water concentration. 

§ Water, 55 mM, for comparison with other reactants. 

© For hydroxylammonium ion. 

* Based on total reagent concentration, pH 7.0. Ethyvlenedi- 
aminetetraacetic acid, 10 * added. 

’ Based on total semicarbazide or methoxvamine concentration. 

* pH 6.4 to 7.7, measured with 0.05- or 0.2-em. path length. 


own reaction with acetyl imidazole and that the free base is the 
catalytically active species. The over-all rate law for these re- 
actions is therefore 


v = + Im] 
+ + (3) 


where terms with AeIm and RNH3°* are kinetically indistinguish- 
able from terms with AcImH* and RNHz2. — It is noteworthy that 
the uncatalyzed reaction of free amine with uncharged acetyl 
imidazole, which might have been expected to be the predominant 
reaction path, is of minor importance. 

In deuterium oxide solution the rate constants at pH 7.0 are 
0.19 1. mole! min.~! for the uncatalyzed reaction with ammonium 
ion and 6.0 1.2 mole~? min.~! for the imidazole-catalyzed reaction. 
Compared with the corresponding rate constants in water, at 
pH 7.0, of 0.24 1. mole min.~' and 12.0 12 mole’? min.-', this 
gives Ky.othp,o ratios of 1.3 and 2.0, respectively. 
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Fic. 2. The reaction of acetyl imidazole with mercaptoethanol 
in imidazole buffer at 25.0° and 0.2 ionic strength. A, effect of pH 
and the concentration of imidazole buffer on therate. O, Values 
obtained from a linear extrapolation of the rates to zero buffer 
concentration. B, effect of mercaptoethanol concentration on 
the rate in 0.025 m imidazole buffer. 


pH 7.7 


0.05 O.1M 


IMIDAZOLE 


Fic. 3. The reaction of acetyl imidazole with glycine as a func- 
tion of the concentration of imidazole buffer at 25.0°. Ionic 
strength was maintained at 0.2 with sodium chloride without al- 
lowance for the effect of glycine concentration. 


That amides rather than hydrolysis products are formed in 
these reactions was shown by analyzing the products as hydrox- 
amic acid by the method of Katz et al. (13). The recoveries of 
amide from the reactions with 0.1 ™ ammonium chloride, 0.05 m 
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glycine, and 0.1 m semicarbazide in 0.025 m imidazole buffer at 
pH 6.3 were 88, 100, and 83 per cent, respectively. 


DISCUSSION 


The experiments reported in this and the previous paper show 
that imidazole catalyzes the transfer of the acyl group from acety] 
imidazole to water, mercaptans, and amines but not to phos- 
phate, arsenate, or carboxylate anions. Since direct attack of 
imidazole on acetyl imidazole gives only the starting materials 
as products and thus cannot cause catalysis, the following mech- 
anisms for this catalysis may be considered. 

1. The immediate product of the attack of imidazole on acetyl 
imidazole might be the acetyl imidazolium cation, with dis- 
placement of the imidazole anion. If the steady state con- 
centration of this reactive species were increased by this reaction, 
it would be expected to react rapidly with any available ac- 
ceptor molecules and result in the observed catalysis. This 
mechanism does not explain why catalysis is not observed with 
oxygen anions as the acy] acceptor and is therefore unlikely. 

2. Imidazole might add to the carbonyl group of acetyl imid- 
azole to form an intermediate addition compound with a tetra- 
hedral carbon atom similar to that postulated by Avison (14) 
for the pyridine catalysis of acyl transfer from acetic anhydride. 
Such an intermediate, however, has lost the reactivity of the 
carbonyl group and should be less reactive than the starting 
material, particularly with respect to neutral or basic reactions 
(15). Avison’s argument that intermediates of the acetyl py- 
ridinium type would hydrolyze before further reaction is not 
valid since both acetyl pyridinium (16) and acetyl imidazolium 
(5) react with dilute nucleophilic reagents in aqueous solution. 

3. An attack by the conjugate base of the nucleophilic reagent 
which is catalyzed by the imidazolium cation cannot be distin- 
guished kinetically from Mechanism 4 below because of the rela- 
tion K{Im] = [ImH*][OH-]. Such specific base, general acid 
catalysis is unlikely, however, since the attack of oxygen anions 
is not catalyzed by the imidazolium cation. 

4. Removal of a proton by imidazole from the attacking re- 
agent in the transition state: 


(+) 


HN (4) 


This is the classical mechanism of general base catalysis and 
appears to be the most satisfactory explanation of the observed 
catalysis. Attacking oxygen anions, having no proton to re- 
move, would not be subject to such catalysis. Since this reaction 
involves stretching of a bond between a proton and the attacking 
reagent in the transition state, it accounts for the observed 
decrease in imidazole catalysis of the reactions with water and 
with ammonia in D.O as compared to HO. Precedent for 
catalysis of this kind exists in general base catalysis of carbonyl 
addition reactions such as the hydration of acetaldehyde (17) and 
in catalysis of the hydrolysis of acetic anhydride by acetate ion 
(18). 

As the pH is increased the rate of reaction of acetyl imidazole 
with amines becomes more than first order with respect to amine; 
i.e. 1 molecule of amine is catalyzing the attack of another. 
This is undoubtedly also base catalysis of amine addition, as is 


| 
0.2 pH 7.1 | 
E 
pH 6.5 
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Fia. 4. The ammonolysis of acetyl imidazole at 25.0° and 0.2 ionic strength. A, Effect of pH and the concentration of imidazole 
buffer on the rate. ©, Values obtained from a linear extrapolation of the rates to zero buffer concentration. ©, The rate of the reac- 
tion in deuterium oxide with the same range of imidazole concentrations. B, The effect of the total concentration of ammonia and 
ammonium ion on the rate in 0.025 m imidazole buffer. The upper curve was obtained in the absence of buffer other than the reactants. 


well known to occur in other aminolysis reactions (19), and is 
general base catalysis, since the reaction rate is proportional to 
more than the first power of the amine concentration at a con- 
stant pH. It may be noted in passing that, at least in the 
acetyl imidazole reactions, this catalysis does not involve the 
formation of the very unstable amine anion, as is often suggested 
for such reactions, but rather the concerted removal of a proton 
from the amine-carbonyl complex in the transition state, which is 
a necessary part of the over-all reaction. 

Imidazole catalysis by the removal of a proton from the at- 
tacking reagent is quantitatively much less significant than 
catalysis by direct attack of imidazole on the acyl group to form 
acyl imidazole in reactions involving ‘“‘energy-rich” acyl groups 
(1-5). In these reactions the catalytic efficacy is largely due to 
the peculiar ease of breakdown or acyl transfer by acyl imidazole. 
In some cases, however, the proton abstraction mechanism may 
be of greater importance; the hydrolysis of acetyl imidazole is a 
trivial example of this. A more important case results from the 
“energy-rich” nature of acetyl imidazole and the consequent 
difficulty in forming this intermediate from “low-energy”? com- 
pounds such as ordinary esters, amides, and peptides. The 
proton abstraction mechanism is not subject to this difficulty, 
and, in principle, ‘‘low-energy”’ acyl groups could be hydrolyzed 
by the potential hydroxyl group formed from water and imid- 
azole. Such a mechanism seems likely for the recently demon- 


strated imidazole catalysis of ethyl oxalate hydrolysis by Brouwer 
et al. (2). The requirement for expulsion of an ethoxide ion by 
the weakly basic imidazole molecule in this reaction renders the 
formation of oxalyl imidazole very unlikely (20) but is not un- 
reasonable for a proton abstraction catalysis. A similar argu- 
ment applies to enzymatic catalysis of the hydrolysis of peptides 
and esters. In a number of these reactions, although there is 
evidence for the involvement of the imidazole group of histidine, 
an acyl or phosphoryl serine appears to be the first identifiable 
intermediate (6-9). The rigid steric requirements of the enzy- 
matic reaction may prohibit direct attack of imidazole on the 
substrate and rather favor imidazole general base catalysis of an 
attack by the serine hydroxy! group or water or both. With 
enzymes such as papain and ficin the same type of catalysis 
may promote the attack of sulfhydryl groups on the substrate. 
The experiments reported here provide experimental support for 
mechanisms of this kind, which have been postulated by or are 
implicit in the results of a number of workers (6-9, 21, 22). The 
low efficiency of the nonenzymatic reactions, nevertheless, re- 
quires that other factors, such as concerted acid catalysis, must 
also be involved in the enzymatic reactions. 

The pH dependence of the uncatalyzed reactions of acetyl 
imidazole with thiols and amines, from extrapolation to zero 
buffer concentration, indicates that the rates of these reactions 
are proportional to the concentrations of the species RSH and 
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GLYCYLGLYCINE 
Fic. 5. The reaction of glveylglvcine with acetyl imidazole at 
0.2 ionic strength and 25.0°. 


RNH;*. Reactions of thiols, however, almost always involve 
the anion, RS~, as nucleophilic reagent, and the species RNH3*+ 
has no free electrons available for nucleophilic attack (23) and 
therefore almost certainly cannot react with acetyl imidazole. 
These reactions are therefore best formulated as attacks of free 
amine and thiol anion on the conjugate acid of acetyl imidazole, 
which are kinetically indistinguishable from reactions of thiol 
and ammonium with acetyl imidazole. The lack of a significant 
isotope effect for the uncatalyzed reaction of NH,* in deuterium 
oxide is also consistent with such an interpretation. Similar 
conclusions were reached for the mechanism of the reactions of 
phosphate, arsenate, and carboxylate groups with acetyl imid- 
azole in the preceding paper (5). 

The important reaction paths for acetyl imidazole near neu- 
trality may be seen to involve an attack on the acetyl imid- 
azolium cation or a base-catalyzed reaction in nearly every 
case; the uncatalyzed reactivity of acetyl imidazole itself with 
most reagents is relatively low. The reason for the high re- 
activity of acetyl] imidazole via the acid-catalyzed path is not 
immediately apparent. It is not the result of inductive effects 
of the imidazole group, since the rate of acid-catalyzed hydrol- 
ysis of amides is not appreciably affected by the electron with- 
drawing power of the amine being expelled (24); this is because 
the increase in the ease of adding a proton, caused by increasing 
electron donation, is almost exactly offset by a decrease in the 
ease of expulsion of the protonated amine, which also results 
from electron donation. The low activation energy for acid- 
catalyzed reactions of acetyl imidazole may be reasonably ac- 
counted for, however, by the difference in resonance stabiliza- 
tion between the transition state and the starting materials. 
In the case of amide hydrolysis the starting material is stabilized 
by resonance with the dipolar ionic form 
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and this resonance stabilization is lost upon proton addition to 
nitrogen. In the case of acetyl imidazole the starting material 
is less stabilized by resonance, since there is competition for the 
free electrons of the carbon-bound nitrogen atom by the aromatic 
and amidine resonating systems; and this resonance is not lost 
on the addition of a proton to the other nitrogen atom. 


O 


Furthermore, the resonance stabilization of the aromatic and 
amidine systems, which in turn has been inhibited by the car- 
bony] group in the starting material, may be expected to increase 
in the transition state as the carbony] group is partially removed. 

The comparatively low uncatalyzed reactivity of acetyl imid- 
azole itself is probably due to the difficulty in expelling the 
imidazole anion by the less basic reagents which exist in solution 
at neutral pH (20). General base catalysis by imidazole or other 
bases makes such an expulsion possible by removing a proton 
from the attacking reagent in the activated complex and thus in- 
creasing its basicity. For a simple displacement mechanism this 
may be viewed simply as a mechanism for increasing the nucleo- 
philic reactivity of the attacking base; if the decomposition of a 
tetrahedral addition intermediate is the rate-limiting step it 
forces expulsion of the imidazole anion, with formation of prod- 
ucts, rather than expulsion of the attacking reagent with forma- 
tion of starting materials (20). 

Finally, it may be pertinent to summarize the properties of 
imidazole which contribute to its ability to act as a catalyst 
at physiological pH. First, imidazole and its derivatives have 
a pK near 7, making them the strongest bases which can exist at 
neutrality. A stronger base, although more reactive, would be 
largely converted to its conjugate acid at neutral pH and with 
a Brénsted coefficient of less than 1 (25, 26) would be less re- 
active than imidazole. Second, its reactive site is a tertiary 
nitrogen atom which is in a ring system and is not subject to 
the steric hindrance of most tertiary amines. Nitrogen bases 
are better nucleophilic reagents than most other bases, and 
tertiary amines are the most efficient type of nitrogen base be- 
cause of the abnormally high proton affinity of primary and 
secondary amines, which is apparently due to stabilization of the 
conjugate acids of these species in aqueous solution through 
hydrogen bonding (27, 28). Finally, imidazole can make use of 
the special reaction paths discussed above which are made pos- 
sible by the properties of the aromatic and amidine resonating 
systems and by the possibility of losing or gaining a proton on | 
nitrogen atom while the other is making or breaking bonds to 
other molecules (cf. (6)). 


SUMMARY 


1. The reactions of acetyl imidazole with water, amines, and 
thiols are catalyzed by imidazole. The pH dependence of this 
catalysis indicates that the reactive form of imidazole is the free 


base. 


| 
CH.CN NH —— CH,CN+ NH (5) 
| 
| 
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2. Imidazole catalysis of the reactions of acetyl imidazole with 
water and ammonia is greater in water than in deuterium oxide. 

3. These results as well as the lack of catalysis of reactions 
with oxygen anions and the impossibility of catalysis by forma- 
tion of acetyl imidazole suggest that imidazole is acting in, these 
reactions by removing a proton from the attacking reagént in 
the transition state. The possible implications of this activity 
for enzymatic catalysis are discussed. 

4. The pH dependence of the reactions of acetyl imidazole 
with a number of amines and sulfhydryl compounds is described. 
These results and the corresponding data for the reactions with 
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carboxylic acids, phosphate, and arsenate indicate that at neutral 
pH these reactions proceed largely through an acid-catalyzed 
attack of RNH:, RS- and RO-. The peculiar susceptibility of 
acetyl imidazole to acid-catalyzed reactions and some possible 
reasons for the effectiveness of imidazole as a catalyst are dis- 


cussed. 
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Glyceraldehyde-3-phosphate dehydrogenase from yeast has 
been shown by Velick (2) to combine witha maximum of 2 equiva- 
lents of diphosphopyridine nucleotide per mole of enzyme. In 
addition, his ultracentrifugal studies of the equilibrium of the 
reaction suggested that the dissociation constant decreased as the 
amount of diphosphopyridine nucleotide bound to the enzyme 
increased. This implies that there was interaction between the 
two binding sites. Since the compound of enzyme with diphos- 
phopyridine nucleotide possesses a characteristic absorption 
spectrum (3), the equilibrium of binding can also be studied spec- 
trophotometrically. The present studies with a double-beam 
spectrophotometer have afforded a rapid and sensitive means of 
determining the equilibrium constant under a variety of condi- 
tions of pH and temperature. In agreement with the ultracen- 
trifugal studies, these data also show that 2 equivalents of di- 
phosphopyridine nucleotide are bound per mole of enzyme. 
However, spectrophotometric titrations carried out at 26 and 7° 
over a wide range of pH indicate that, at any given pH, the dis- 
sociation constant remains constant as the enzyme is titrated 
with DPN. This implies that the binding sites are equivalent 
and that there is no interaction between them. In addition the 
variation of the equilibrium constant with pH has permitted 
estimation of the ionization constants of certain of the groups re- 
quired for maximal affinity between enzyme and diphosphopyri- 
dine nucleotide. 


EXPERIMENTAL 


The enzyme was prepared from yeast (National Yeast Corpo- 
ration) by the method of Krebs et al. (4). EDTA! (0.001 m) was 
present during all stages of the preparation. After five or six 
recrystallizations a constant value of F29/E260 was obtained. 
This value was usually about 1.5, which is somewhat lower than 
that reported by Krebs for 3-times recrystallized enzyme. The 
preparations contained 0.27 to 0.30 moles of DPN per mole of 
enzyme, as assayed by addition of glyceraldehyde 3-phosphate 
(Delta Chemical Works, Inc.) and measurement of the increase 
in absorption at 340 my. Dialysis against a solution containing 
0.005 m K2HPO, and 0.001 m EDTA did not remove the DPN. 
Since ultracentrifugal studies (2) had shown that added DPN 
was readily dissociated from the enzyme, the small quantity of 
bound DPN would not be expected to interfere when studying 


* A preliminary report of this study has been published (1). 

t Public Health Service Research Fellow of the National Can- 
cer Institute. Present address, Medical Research Council Unit, 
Cavendish Laboratory, Cambridge, England. 

1The abbreviation used is: EDTA, ethylenediaminetetra- 
acetate. 


the equilibrium of binding of DPN added to the enzyme. Thus, 
no further attempts were made to remove the “firmly bound” 
DPN. 

Measurements of activity were made with 0.004 m pt-glycer- 
aldehyde? as substrate in 0.1 m pyrophosphate buffer, pH 8.7, 
containing 0.005 m cysteine, 0.005 m Versene (ethylenediaminetet- 
raacetate), 0.005 m arsenate, and 0.00028 m DPN. The velocity 
of the reaction was followed by measuring the increase in optical 
density at 340 my in the Beckman spectrophotometer in cuvettes 
of 1-em. light path. Under these conditions at 25°, specific ac- 
tivities expressed as (umoles DPNH/I.-min.) /(mg. protein/ml.) of 
27 were obtained. Protein concentrations were computed from 
the absorption at 280 my (4). The specific activity measured 
at pH 7.6 was 10 which is in agreement with the data reported by 
Velick (2). 

DPN was obtained from the Sigma Chemical Company and 
assayed 95 per cent pure on reduction with alcohol dehydrogenase 
(6). The concentrations of all DPN solutions used were deter- 
mined by enzymic assay. 

The buffers used were 0.1 M except where otherwise indicated. 
The desired pH was obtained by addition of 6 nN HCl or 1 Nn 
NaOH to a solution of the sodium salt of the buffer. For am- 
monia buffers, 1 N NaOH was added to 0.1 M ammonium chloride. 
The pH of each reaction mixture was determined at room temper- 
ature (24—28°) with a Beckman model F pH meter after the re- 
action was completed. Occasional checks of the pH before reac- 
tion showed that no measurable changes in pH occurred in the 
buffered solutions, during assays of enzymatic activity or during 
titrations of enzyme with DPN. When reactions were carried 
out at low temperature, the pH readings were corrected for the 
heat of dissociation of the buffer as given in the International 
Critical Tables (7). Since no such data were available for EDTA 
buffers, the pH of a solution of 0.1 m EDTA plus NaOH was meas- 
ured at 26° and at 1°, and was found to be 6.04 and 6.29, respec- 
tively. Therefore, the pH of solutions buffered with EDTA were 
corrected on the basis of an increase of 0.1 pH units with each 
10° decrease in temperature. The pH meter was standardized 
with pH 7.0 phosphate buffer obtained from Beckman Instru- 
ments, Inc., and measurements were reproducible to within 
+0.02 pH units. 

The spectrophotometric titrations were carried out with a 
sensitive double-beam spectrophotometer (8, 9), and were re- 
corded by an Esterline-Angus graphic ammeter. It was not 
practical to measure formation of the compound of enzyme with 


2? Obtained from Nutritional Biochemicals Corporation. Solu- 
tions of pL-glyceraldehyde were heated before use to convert the 
aldehyde to the monomeric form (5). 
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DPN at its absorption maximum of 365 muy, since it was ob- 
served that high concentrations of DPN had significant absorp- 
tion at this wave length. Since the enzyme-DPN compound still 
had half-maximal absorption at 405 my, measurements were 
usually made at 405 minus 500 mu where there is negligible ab- 
sorption of DPN. At pH above 10 it was necessary to use wave 


rections for added DPN. 

Constant temperature was maintained by circulating an al- 
cohol-water mixture from a constant temperature Aminco water 
bath through the cuvette holder which was equipped with dual 
thermospacers. An open 3-ml. cuvette was used, and aliquots 
of DPN of 0.005 to 0.025 ml. were added from the tip of a stirring 


rod. In order to avoid appreciable volume changes, the DPN 
Is, solution added as saturation was approached was approximately 
1” 10 times as concentrated as that used initially in the titration. 
Since the total volume increase was of the order of 2 per cent or 
T- less, no corrections for dilution were made. In the absence of 
7, cysteine, various preparations of enzyme showed 70 to 100 per 


t- cent of the total optical density increase on saturation with DPN 
ty as in the presence of 0.005 m cysteine. EDTA was also required 
al for maximal binding of DPN at pH of 7 or below. Only two- 
es thirds as much enzyme-DPN compound was formed at pH 6.7 in 
C- 0.1 Mm pyrophosphate or phosphate buffers as in 0.1 m EDTA or as 
of in the former two buffers at pH above 7. Cysteine and EDTA 


m at 0.005 m concentration were included in the reaction medium 
d for all titrations with DPN except where otherwise indicated .* 
y 
RESULTS 
d 
eo The record of a titration of enzyme with DPN is shown in Fig. 


r- | 1. Upward deflections indicate increases in absorption. The 
break in the tracing occurring with each addition of DPN is due 
to stirring. Twice during the titration the solution was stirred 


~ | only, and there was no net deflection in the tracing. Since 
- DPN itself has no absorption at 405 or 500 my, the upward de- 
, flection on stirring in DPN is due to formation of enzyme-DPN 
compound. 

pot In order to calculate the dissociation constant of the compound 


- from these data, it is necessary to know how many moles of DPN 
2 are bound per mole of enzyme. The concentration of free DPN 
y in the medium can then be computed by subtracting the amount 
1 that has reacted with enzyme from the total DPN present. Al- 
though the ultracentrifugal studies of Velick (2) indicated that 
2 moles of DPN are bound per mole of enzyme, it was of interest 
to determine the number of binding sites from the spectrophoto- 
metric data. 

This can be done by employing equations derived by Klotz 
(10) for the binding of ions by proteins. If there are n independ- 
| ent binding sites, the equation is: 
1 ] 


r nk[A] 


1 
n 
where: 


| ’Dr. E. Racker (personal communication) finds that specific 
enzymic activities are higher in the presence of glutathione than 
| with cysteine. Although in the present studies there is an in- 
crease in enzymatic activity of about 30 per cent in the presence 

of glutathione, there is no increase in the amount of enzyme-DPN 
7 compound formed. 


A. Stockell 


lengths of 415 or 425 minus 500 mu to avoid making large cor-_ 
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Fic. 1. Spectrophotometric titration of glyceraldehyde-3-phos- 
phate dehydrogenase with DPN at 7°. The reaction medium 
contained 13 um enzyme, 0.1 mM sodium pyrophosphate, 0.005 M 
cysteine, and 0.005 m EDTA at pH 7.55. The figure at each 
deflection of the tracing represents the micromolar concentra- 
tion of DPN in the medium. 


moles of bound ion a 
moles of total protein 


[4] = concentration of free ion 
[PA] 
[P} [A] 


k = intrinsiec association constant = 


where [P] is the concentration of unbound protein sites and [PA] 
is the concentration of bound protein sites. 
Applying this equation to the binding of DPN by enzyme: 


Let e = total molar concentration of protein 
p = fraction of enzymatic sites bound to DPN times e 


Therefore np = molar concentration of bound DPN. 
Let d = total concentration of DPN 


Therefore d — np = concentration of free DPN. 

K’ pen = [E])[DPN]/[E-DPN] where K’ppy is the intrinsic dis- 
sociation constant, [EZ] is the concentration of unbound enzyme 
sites, and [H-DPN] is the concentration of bound enzyme sites. 
Then r, k and [A] in the equation of Klotz are: 


1 


np 
e K'ppn 


Thus 


€ 1 
This rearranges to the equivalent form: 
© 
Thus a plot of d/p as ordinate against 1/(e — p) as abscissa is 
linear if the binding sites are equivalent and independent. The 
ordinate intercept is n and the slope is K’ppn. 

The molar concentration of enzyme has been computed on the 
basis of a molecular weight of 120,000 (11). The fraction of en- 
zymatic sites bound to DPN is the ratio of optical density in- 
crease at 405 minus 500 my at any given DPN concentration to 
the total optical density change for enzyme saturated with DPN. 
The data from Fig. 1 as well as data from several other titrations 
carried out under a variety of conditions of pH and temperature 
are plotted in this manner in Fig. 2. The intercept is very close 
to 2 in all cases indicating that approximately 2 DPN molecules 
are bound per mole of enzyme, in agreement with the ultracen- 
trifugal data. K’ppx can be determined from the slope of the 
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t i i i i 
_I_iiters -5 
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Fic. 2. Plots of data from five spectrophotometric titrations. 
(See text for explanation of ordinate and abscissa.) The con- 
ditions under which each titration was carried out are as follows: 
@, 0.033 m EDTA, 0.067 m acetate, pH 4.85, 26°; O, 0.1 Mm pyro- 
phosphate, pH 8.40, 26°; X, 0.1 m EDTA, pH 5.35, 26°; A, 0.1 M 
pyrophosphate, pH 7.55, 7°; A, 0.1 M arsenate, pH 10.85, 7°. 


TABLE I 


Comparison of K'ppwn values determined by spectrophotometric and 
ultracentrifugul methods 


K’ppn M X 104* 


Enzyme sites bound male <a ic Ultracentrifugal methodt 
0.13 10-4 Mm enzyme 0.15 K 10-4 enzyme 
20 0.061 
27 0.174 
39 0.058 
55 0.051 0.096 
65 0.056 
74 0.061 
84 0.065 
90 | 0.068 
94 0.056 0.019 
98 0.024 
* K'ppn = [E][DPN]/(E-DPN] where + [E-DPN] = en- 


zyme concentration X 2. 
+ 0.1 m sodium pyrophosphate buffer, pH 7.55, 7°. 
t Data of Velick (2); 0.05 m arsenate buffer, pH 7.6, 0°. 


graph, or can be calculated for each point on the titration curve 
where [E]/[E-DPN] is the ratio of unbound enzyme sites to 
sites bound to DPN and [DPN] is the concentration of free 
DPN computed on the basis of 2 binding sites per molecule of 
enzyme. Table I shows the values of K’ppy computed at each 
point on the titration curve from the data of Fig. 1. For com- 
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parison the ultracentrifugal data of Velick under very similar 
conditions are included in the table. The equilibrium constant 
in this and other titrations has been found to remain constant 
throughout the titration curve except in the regions where less 
than 10 per cent or more than 90 per cent of the enzymic sites are 
bound. Here, the error of the method is greatest, so data ob- 
tained in this region of the curve have not been included in calcu- 
lating the average equilibrium constant for a given titration. 
In the present studies A’ppx has routinely been calculated for 
each point on the titration curve and averaged. Only those 
data in which there are at least three points within the region 
of 10 to 90 per cent reaction, and in which the individual K’pp x 
values do not differ by more than a factor of three have been 
used. In the majority of titrations, the dissociation constants 
did not differ by as much as a factor of two, and the variation ap- 
peared to be random. Variation in A’ppy by as much as a factor 
of three occurred only in titrations carried out between pH 8 and 
9 at 26°. 

Experiments performed under a wide variety of conditions of 
pH and temperature have shown that A’ppy is independent of 
enzyme concentration in the region 7 to 22 um enzyme. There- 
fore K’ppn routinely has been determined within this range of 
enzyme concentration. However, with 25 um enzyme, at 26° 
and pH 7, K’ppw is increased by about 80 per cent. 

The effects of change of pH on K’ppy have been studied in 
order to obtain information as to the ionizable groups of the 
protein or DPN required for the binding: of enzyme and co- 
enzyme. It was first necessary to determine the pH range in 
which the enzyme is stable. This was done by incubating solu- 
tions containing approximately 1.5 mg. per ml. of enzyme in 
buffer of the desired pH for 30 minutes at 25°. The solution 
was then neutralized and assayed for activity in the system de- 
scribed under methods. Controls were run in which the com- 
position of the final assay mixture was the same, but the enzyme 
was not subjected to the experimental pH. It was found that 
full enzymic activity was recoverable after incubation from pH 
4.5 to 11.0. However, after incubation at pH 4.0 or at pH 12.0, 
no measurable activity remained. 

Spectrophotometric titrations have shown that the enzyme 
binds DPN from pH 4.3 to pH 11. In order to obtain equilib- 
rium data over such a wide pH range it was necessary to use 
several different buffers. Since, below pH 7, maximal forma- 
tion of the spectrophotometric complex occurred only in the 
presence of EDTA at concentrations of 0.03 m or higher, EDTA 
was used as buffer in the pH range 5.0 to 6.5. Below pH 5 the 
solutions were buffered with a mixture containing 0.033 m EDTA 
and 0.06 mM acetate. Pyrophosphate buffers were used from pH 
7 to 8.5, a 1:1 mixture of 0.1 mM pyrophosphate and 0.1 Mm ear- 
bonate from pH 7.5 to 9.5, and arsenate above pH 9.5. Some 
of the data from pH 8.2 to 9.2 were obtained in 0.1 mM ammonia 
buffers. van Eys and Kaplan (12) have described a reaction 
between cysteine and DPN occurring at high pH and vielding a 
compound with an absorption maximum at 335 mu. Because 
of this, cysteine was omitted in many of the titrations carried 
out above pH 10. However, K’ppx was the same whether or 
not cysteine was present, so it is assumed that reaction between 
cysteine and DPN does not occur to any appreciable extent at 
the concentrations employed in these experiments. 

Fig. 3 is a logarithmic plot of the variation of the equilibrium 
constant with pH at 26°. The lower the value of A’ppy the 
higher is the affinity between enzyme and DPN. It is evident 
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from the data that in the region from pH 5.5 to 7.5 the affinity 
is much greater than at other pH values. Although there is 
some scatter of the points, particularly at high pH, the data ob- 
tained with different buffers at corresponding pH values agreed 
within experimental error, except for the titrations in ammonia 
buffers which are discussed later. 

There is a marked decrease in the affinity of DPN for enzyme 
from pH 8 to 9.5. From pH 9.5 to 10.5, however, A’ppw is ap- 
parently constant and is 30 times its value at neutral pH. The 
points have been fitted to theoretical curves assuming that the 
decrease in affinity is caused by ionization of groups required for 
binding of DPN by the enzyme. The acid limb of the curve 
has been computed from the equation: 


K'pex _ [H*] 
K Ka 


where K is the value of K’ppx under conditions of maximal af- 
finity of enzyme for DPN and has been set equal to 0.078 x 
10-4 m for calculation of the curve. A, is the acidic dissociation 
constant of the group required for binding of DPN, and it is 
assumed that ionization of this group prevents binding. On 
this basis a good fit of the data is obtained assuming a pK, of 
5.0 for this group. The points at pH 4.5 and below have been 
given less weight than the other data, since in this pH region 
some irreversible denaturation of the enzyme occurs. It is pos- 
sible that, in the region of pH 4.5, another ionization occurs 
which further decreases the affinity of DPN for enzyme. How- 
ever, this would not alter the shape of the curve at pH 5.0. 

It is necessary to use a more complicated equation for the 
alkaline limb of the curve, since it is obvious that ionization 
does not prevent binding of DPN to enzyme but greatly lowers 
its affinity. If only one group necessary for maximal affinity is 
ionizing, the equation is: 


K'ppn 1 + K,/({H*] 
kK 1 + (K,/K) (Ka/(H*)) 


where K, is the value of K’ppx at pH above 9.5, A is again 
0.078 * 10-4 M, and K, is the acidic dissociation constant of the 
group ionizing above pH 7. However, the rate of decrease in 
affinity of DPN with increase in pH is so great that it is neces- 
sary to assume more than one ionization in this pH range. A 
good fit of the data is obtained on the basis that two ionizable 
groups of pK, 8.0 and 8.5 are required for maximal affinity be- 
tween DPN and enzyme. The equation then becomes: 


K'ppn 1 + (Kai /{H*)) + (Kai Ka2/(H*}?) 
K 1 + /K) (Kai /(H*)) + (K12/K) (KaK a2/(H*)?) 


where K,; and Kae are the two dissociation constants 10-° and 
10-85, respectively, and and Ayz2 are the values of A’ppn 
for the charged species after one and two ionizations respectively. 
The value of K 1 was arbitrarily set at a value halfway between 
the value of K of 0.078 « 10-4 mM and of 2.7 10-4 M. 

The decreased affinity of DPN for enzyme in ammonia buffers 
from pH 8.2 to 8.9 as compared to data obtained with other 
buffers may be due to a shift of the pK, of the ionizable group 
in ammonia solutions. The same effect can be observed in the 
enzymic reaction with glyceraldehyde as substrate. Fig. 4 shows 
a plot of the pH dependence of the rate of the reaction in am- 
monia buffer compared to the rate in pyrophosphate-carbonate 
buffer. The decrease in rate above pH 8.4 in ammonia buffer 
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Fig. 3. Logarithmic plot of A’ppx as a function of pH at 26°. 
The buffers employed are: @, 0.033 m EDTA, 0.067 M acetate; 


A, 0.1 mM EDTA; VW, 0.1 M pyrophosphate; O, 0.05 m pyrophos- 
phate, 0.05 Mm carbonate; A, 0.1 M arsenate; V, 0.1 M ammonia. 


70 75 80 85 90 95 
pH 

Fic. 4. Initial rate of reduction of DPN as a function of pH at 
26°. Measurements were made at 340 minus 380 mu. The re- 
action mixtures contained 0.004 mM pL-glyceraldehyde, 0.00028 m 
DPN, 0.005 mM cysteine, 0.005 m EDTA, 0.0057 m arsenate, and 
0.273 mg. of enzyme per ml. O, 0.1 M ammonia; @, 0.05 m pyro- 
phosphate, 0.05 mM carbonate. The nonenzymatic reaction of DPN 
with glyceraldehyde (13) does not occur under these conditions 
below pH 9.5. The point at pH 9.5 has been corrected for the non- 
enzymatic reaction. 


as compared to pyrophosphate-carbonate buffer appears to re- 
flect the decreased affinity of enzyme for DPN under these condi- 
tions. 

In order to gain more information as to the nature of the 
groups required for DPN binding, A’ppx was determined as a 
function of pH at 7° (Fig. 5). Here the buffers used were the 
same as before, and the calculation of the curves is similar. The 
value of A at 7° was taken to be 0.045 x 10M and a good fit 
was obtained assuming a pK, of 6.1 on the acid limb and three 
ionizations of pK, of 8.65 on the alkaline limb. Kz 23 was as- 
sumed to be 2.5 10-4 mM and and K were arbitrarily set 
equal to 0.9 X 10-*m and 1.8 X 10‘ M, respectively. In con- 
trast to the data at 26°, there is a progressive increase in affinity 
for DPN from pH 10 to pH 11. Since the enzyme is not stable 
above pH 11, it is not possible to determine a pK, accurately 
for the group responsible for the increase in affinity for DPN. 
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Fic. 5. Logarithmic plot of A’ppn as a function of pH at 7°. 
The buffers employed are: X, 0.033 m EDTA, 0.067 m acetate; 
A, 0.1 mM EDTA; @, 0.1 mM pyrophosphate; A, 0.05 m pyrophos- 
phate, 0.05 m carbonate; O, 0.1 M arsenate; +, 0.1 M ammonia. 
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Fic. 6. Difference spectra of the enzyme-DPN compound at 4° 
at three pH values. The spectra have been corrected for absorp- 
tion due only to enzyme or to DPN and represent enzyme satu- 
rated with DPN. The buffers employed are: O, 0.10 m EDTA, 
pH 5.55; @, 0:025 m EDTA, 0.075 m pyrophosphate, pH 8.10; +, 
0.10 m arsenate, pH 10.70. 


However, from the data it is obvious that the pK. must be more 
alkaline than pH 11.2. The value of K’ppxw approached must 
also be less than 0.1 K 10-*m. A good fit is obtained from the 
equation: 


1+ K,/({H*] 
1+ (Ky3/K1) (K./(H*)) 


where A ;3 is again 2.5 & 10-4 mM, Az4 1s assumed to be 0.05 x 
10-4 m, and K, is 107-5, 

The free energy (AF) of dissociation of DPN can be calcu- 
lated from K, the value of K’ppy at maximal affinity, from the 
equation 


AF = —2.303 RT log K 


At 26° AF is 7.0 kilocalories per mole, and at 7° AF is 6.9 kilo- 
calories per mole. The random variation of the individual values 
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of K’ppx does not justify calculations of heats and entropies of 
dissociation of DPN, but it appears that AH lies between 0 and 
5 kilocalories per mole. 

Since there are large effects of pH on the equilibrium of bind- 
ing of DPN and enzyme, it was of interest to determine whether 
there were corresponding effects of pH on the absorption spec- 
trum of the enzyme-DPN complex. Fig. 6 shows difference 
spectra of the complex at three different pH values. The spectra 
are very similar at pH 5.55 and pH 8.1, but the extinction co- 
efficients are about 20 per cent higher at pH 8.1. At pH 10.70 
two peaks are present, one with a maximum at 350 to 360 my 
as at lower pH values, and the other with a maximum at 380 
to 390 mu. The absorption from 400 to 500 my is much greater 
at pH 10.70 than at the lower pH values. Similarly it was ob- 
served in the spectrophotometric titrations that the total optical 
density change measured at 405 minus 500 my for saturation of 
enzyme with DPN was much greater above pH 9 than at lower 
pH. | 

The dependence of DPN binding on multiple dissociation of 
hydrogen ions between pH 8 and 9 suggested that the ionizations 
reflect an unfolding of the protein rather than dissociation of two 
or three groups required for binding DPN. It has been shown 
for a large number of proteins that there is an increase in the 
number of titratable sulfhydryl groups with denaturation of the 
protein (14). Therefore the number of sulfhydryl groups in 
yeast glyceraldehyde 3-phosphate dehydrogenase was deter- 
mined by the method of Boyer (15) at pH 7 and at pH 9.5. The 
enzyme was first dialyzed against 0.001 m phosphate at pH 7. 
In 0.033 m phosphate buffer at pH 7.0, 4.1 sulfhydryl groups 
were titrated per mole of protein. This is in good agreement 
with the data of Halsey (16). However, in buffer at pH 9.5 
containing 0.017 mM ammonia and 0.017 m pyrophosphate, 7.1 
sulfhydryl groups were found per mole of enzyme. This is in 
fairly good agreement with the 6.5 sulfhydryl groups found by 
Halsey in guanidine-HBr denatured enzyme. Thus there ap- 
pears to be some change in the configuration of the enzyme at 
pH 9.5. 

Vallee et al. (17) have obtained evidence that a metal, possibly 
zinc, is present at the active center of this enzyme. Since there 
appeared to be some change in the configuration of the protein 
above pH 9, it was thought that removal of the metal might be 
possible at this pH by treatment of the enzyme with metal- 
binding reagents. Accordingly, two samples of the dehydro- 
genase were placed in 0.1 M arsenate buffer at pH 10. One con- 
tained 0.015 m EDTA, the other 0.001 Mm o-phenanthroline. 
After incubation under these conditions for 30 minutes at room 
temperature the solutions were assayed for enzymic activity in 
the system described under ‘‘Experimental.’’ There was no loss 
in activity as a result of this treatment. In addition, dialysis 
for 20 hours at 2° against a solution containing 0.001 m EDTA, 
0.0025 m pyrophosphate, and 0.0025 m carbonate at pH 9.4 re- 
sulted in no loss of enzymatic activity. Thus it appears that if 
zinc is a functional component of the enzyme, it is not easily re- 
moved from the protein. 


DISCUSSION 


The spectrophotometric measurement of DPN affinity appears 
to be in fairly good agreement with the ultracentrifugal data. 
When only those data within the region 10 to 90 per cent reac- 
tion are considered, the two values of K’ppy determined ultra- 
centrifugally check reasonably well with each other, and it is not 
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necessary to conclude that A’ppx decreases throughout the titra- 
tion. Although these values of A’ppy are somewhat higher than 
the data obtained spectrophotometrically, the discrepancy is not 
great. In the ultracentrifugal experiments the enzyme was dis- 
solved in arsenate buffer at pH 7.6, a region where arsenate has 
little buffering capacity. If the actual pH of the protein solu- 
tion in arsenate were higher than this, a higher value of K’ppy 
would be expected. The fact that by both methods two moles 
of DPN are bound per mole of enzyme indicates that all of the 
DPN bound is measured in the spectrophotometric titration. 
There appears to be no interaction between the binding sites, 
since, in titrations carried out at 26 and 7° over a wide range of 
pH, K’ppn remains constant as the enzyme is titrated with DPN. 
The constancy of K’ppw in each titration also implies that the 
two sites are equivalent under all the conditions employed in 
these studies. 

The ionizable groups required for binding DPN could belong 
either to the enzyme or to DPN. However, it has been shown 
that DPN has pK,’s of 3.9 and 11.3 with no groups titrated 
between pH 5 and 10 (18-20). The groups titrated are assumed 
to be, respectively, the amino group of adenine and the quater- 
nary nitrogen of the pyridine ring. 

The pK, of 3.9 of the adenine amino group appears to be too 
low to be the one observed in these studies. In addition this 
group has a negligible heat of dissociation (21). This is not 
compatible with the observed large increase in pK, with a de- 
crease in temperature from 26 to 7°. 

It is conceivable that the dissociable group with pK, above 
11.5 at 7° might be the quaternary nitrogen of DPN. All of 
the other ionizable groups determined in these studies appear to 
belong to the enzyme. Since the data represent binding of DPN 
by two enzymic sites which are equivalent and independent, the 
ionization constants must be approximately the same at each 
site. 

The pH dependence of DPN affinity for yeast enzyme bears 
a striking resemblance to the findings of Astrachan et al. (22) 
on the availability of bound DPN of inactive muscle glyceral- 
dehyde 3-phosphate dehydrogenase to DPNase. The pH de- 
pendence of the availability of the bound DPN to snake venom 
pyrophosphatase was very different. Their data were inter- 
preted to indicate that a pH dependent bond is formed between 
the enzyme and the nicotinamide portion of DPN. Although 
there are large differences in the affinity of DPN for the enzymes 
from yeast and muscle, the affinity for the latter being greater by 
a factor of 100 (23), the two enzymes have very similar speci- 
ficities and exhibit similar absorption spectra on binding DPN. 
Thus by analogy it may be supposed that the ionizable groups of 
the yeast enzyme with pK, of 8.0 and 5.0 are required for bind- 
ing the nicotinamide portion of DPN. 

The heat of ionization of the acidic dissociation with pK, of 
5.0 at 26° and 6.1 at 7°, calculated from the van’t Hoff equation, 
is 22 kilocalories per mole. This value is extremely high and 
may be subject to some error. The error in the value of pK, 
for this group is estimated to be +0.3 pH units. Thus the 
heat of dissociation of this group lies between the extremes of 
10 and 34 kilocalories per mole. The only groups usually found 
in proteins with pK, in the region of 5.0 are the y-carboxy] 
groups of glutamic acid. However, the heat of dissociation of 
carboxyl groups is negligible so it is unlikely that this is the 
moiety responsible for the observed change in affinity of DPN. 

The heat of ionization of the first basic dissociation, calculated 
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in the same way, is 11.7 kilocalories per mole. A pK, of 8.0 
at 26° and 8.65 at 7° is compatible with an a-amino group or a 
sulfhydryl group. The known requirement of a sulfhydryl group 
for DPN binding (2) makes it tempting to postulate that ioniza- 
tion of this group decreases the affinity of enzyme for DPN. 

However, if a metal is present at the active site of the enzyme 
the ionization constants of the coordinated groups may be mark- 
edly altered. Thus if the active sulfhydryl group were chelated 
to metal in the protein, its ionization constant might be much 
more acidic than normal due to competition between metal and 
hydrogen ions for —S-. The possibility exists, therefore, that 
the observed acidic dissociation represents the sulfhydryl group. 
If this is the case, the data are consistent with the hypothesis 
that DPN is bound only when the linkage —S—metal is present 
at the binding site. However, this cannot be substantiated un- 
til it has been demonstrated unequivocally that a metal is an 
integral part of the active center of the enzyme. 

The increase in titratable sulfhydryl groups above pH 9 to- 
gether with the dependence of DPN binding on multiple dis- 
sociation of hydrogen ions between pH 8 and 9 may mean that 
the ionizations observed in this region are not of groups which 
bind DPN. Instead they may represent a change in configura- 
tion of the protein which results in a decreased affinity for DPN. 
Since the number of groups dissociating was determined for each 
enzymic site, the data in this pH region may be interpreted 
as representing four dissociations per mole at 26° and six dis- 
sociations per mole at 7°. If there is such a change in conforma- 
tion, it is reversible, since full enzymatic activity is restored on 
lowering the pH. This may also explain the finding of Krebs 
(4) that the enzyme separates into two peaks electrophoretically 
at pH 8.5 without loss of activity. 


SUMMARY 


1. The equilibrium constants for binding of diphosphopyridine 
nucleotide by yeast glyceraldehyde 3-phosphate dehydrogenase 
have been determined by spectrophotometric titration. In 
agreement with ultracentrifugal binding studies, two moles of 
diphosphopyridine nucleotide are bound per mole of enzyme. 
These binding sites appear to be equivalent and independent 
over a wide range of pH and temperature. 

2. Maximal affinity of enzyme for diphosphopyridine nucleo- 
tide occurs at pH 7 where the dissociation constants at 26 and 
at 7° are 0.078 and 0.045 x 10-* M, respectively. The data sug- 
gest that ionization of identical groups at each enzymic site with 
pK, of 5.0 at 26° and a high heat of dissociation results in loss 
of ability to bind diphosphopyridine nucleotide. 

3. The data suggest that between pH 8 and 9, multiple re- 
versible ionizations of the enzyme result in greatly decreased 
affinity for diphosphopyridine nucleotide and in an increase in 
the titratable sulfhydryl groups of the protein. 

4, At 7° there is a progressive increase in the affinity of enzyme 
for diphosphopyridine nucleotide from pH 10 to pH 11. 
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The Binding of Analogues of Diphosphopyridine Nucleotide 
by Yeast Glyceraldehyde-3-Phosphate Dehydrogenase* 
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The preparation of analogues of diphosphopyridine nucleotide 
has made possible studies of these compounds in a number of 
dehydrogenase systems (1-4). The analogues function with 
varying efficiencies as coenzymes or as inhibitors, depending upon 
the particular analogue and dehydrogenase under observation. 
The present work is concerned with the equilibrium of binding of 
several of the analogues with yeast glyceraldehyde 3-phosphate 
dehydrogenase. Kaplan et al. (5) have shown that, like DPN, 
its 3-acetylpyridine analogue forms a spectrophotometric com- 
plex with the enzyme. Inthe present studies a spectrophotomet- 
ric complex with deamino DPN has also been demonstrated. 
Although no spectral shift is observed when the pyridine-3- 
aldehyde analogue of DPN, the acetylpyridine analogue of 
deamino DPN, or DPNH are present with the enzyme, these 
compounds apparently do react with the enzyme because the 
binding of DPN or its acetylpyridine analogue is inhibited in 
their presence. The dissociation constants of the enzyme- 
analogue compounds have been determined by spectrophoto- 
metric titration or from inhibition studies. 


EXPERIMENTAL 


The preparation of the enzyme and spectrophotometric titra- 
tion with a double-beam instrument have been described pre- 
viously (6). DPN and DPNH were obtained from the Sigma 
Chemical Company. Acetylpyridine and pyridine aldehyde ana- 
logues of DPN were kindly supplied by Dr. N. O. Kaplan. Ad- 
ditional samples of the acetylpyridine analogues of DPN and 
deamino DPN as well as deamino DPN, were obtained from 
Pabst Laboratories. The concentrations of all oxidized coen- 
zymes were determined by assay with alcohol dehydrogenase (7) 
with the extinction coefficients given by Kaplan and Ciotti (3), 
Kaplan et al. (4), and Pullman et al. (2). The extinction coef- 
ficient of the acetylpyridine analogue of deamino DPNH was 
assumed to be the same as that of the corresponding analogue 
of DPNH. The concentration of DPNH was determined by 
the absorption at 340 my. p-Cl-Hg-benzoate was a Sigma 
preparation and was purified and assayed by the method de- 
scribed by Boyer (8). Difference spectra were obtained with a 
split-beam recording spectrophotometer (9, 10). 


RESULTS 
Since the maximal affinity of DPN for enzyme occurred at 


* A preliminary report of this study has been submitted to the 
Fourth International Congress of Biochemistry to be held in 
Vienna, Austria, September 1-6, 1958. 

+t Public Health Service Research Fellow of the National Can- 
cer Institute. Present address, Medical Research Council Unit, 
Cavendish Laboratory, Cambridge, England. 


pH 6.5, initial studies with the analogues were performed near 
neutral pH. It was first necessary to determine whether the 
enzyme formed spectral complexes with the coenzyme analogues. 
Difference spectra could be obtained with enzyme in the refer- 
ence cuvette and enzyme plus coenzyme in the other cuvette. 
However, in order to avoid making large corrections for absorp- 
tion of analogue at the high concentrations required for satura- 
tion, it was convenient to include analogue in both cuvettes and 
add a sulfhydryl inhibitor to the reference cuvette to cleave 
the enzyme-coenzyme compound (11). p-Chloromercuriben- 
zoate has been used in these experiments since it specifically 
binds the sulfhydryl groups at the active sites of the enzyme (12). 

Deamino DPN—The difference spectra of the enzyme plus 
various concentrations of deamino DPN are shown in Fig. 1. At 
the high concentrations of coenzyme required for saturation, 
so much light was absorbed by the solution that difference spectra 
could not be obtained in the region of 320 to 360 mu. There- 
fore the difference spectrum for enzyme saturated with deamino 
DPN was calculated from the data obtained at lower concentra- 
tions of coenzyme. This: was done by plotting the logarithm 
of the optical density change at a given wave length against the 
logarithm of deamino DPN concentration and fitting the curve 
obtained to the theoretical rectangular hyperbola for a bimolec- 
ular dissociation. Here the assumption is made that the dis- 
sociation constant is constant throughout the titration of enzyme 
with coenzyme. In this case the dissociation constant was so 
high that the concentration of free coenzyme was approximately 
equal to the total concentration of coenzyme, so it was not neces- 
sary to make successive approximations in applying this method. 
The dissociation constant calculated from the data in Fig. 1 is 
1.3 10M. 

Similar data were obtained with the double-beam instrument 
at 405 minus 500 my where titrations could be carried out to 
saturation of the enzyme, and it was found that the dissociation 
constant (K’) remained constant throughout the titration. At 
pH 6.45 in 0.1 m EDTA! at 26°, K’ was 1.3 X 10-4, and at pH 
7.40 in 0.1 pyrophosphate at 26°, K’ was 4.6 10-*m.  Titra- 
tions at pH 5.0 and pH 9.3 were attempted, but the optical 
density change was so small that equilibrium constants could 
not be determined. This may have been due to a decrease in 
affinity or to a decrease in the absorption of the complex at these 
pH values. 

3-Acetylpyridine Analogue of DPN—Difference spectra of the 


1 The abbreviation used is: EDTA, ethylenediaminetetraace- 
tate. 
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Fic. 1. Difference spectra of the compound of deamino DPN 
and yeast glyceraldehyde 3-phosphate dehydrogenase. The data 
were obtained at pH 6.85 in 0.1 m EDTA at 25°. The enzyme con- 
centration in both cuvettes was 2.18 K 10-5 and the reference 
cuvette also contained 8.26 X 10-5 m p-chloromercuribenzoate. 
The concentrations of deamino DPN were as follows: Curve 1, 
1.98 X 10-4 mM; Curve 2, 3.96 K 10-4 mM; Curve 38, 5.94 K 10-4 m; Curve 
4, 7.92 X 10-4 mM; Curve 5, theoretical curve calculated for enzyme 
saturated with deamino DPN. 
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© DPN, pH 5.40 ad 
e APDPN, pH 675 
_+ Deamino DPN, pH 6.85_ 
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Fic. 2. Difference spectra of the compounds of DPN and two 
of its analogues with yeast glyceraldehyde 3-phosphate dehy- 
drogenase. The spectra with the acetylpyridine analogue and 
deamino DPN have been calculated for enzyme saturated with co- 
enzyme analogue. The spectra were obtained in 0.1 mM EDTA and 
excess p-chloromercuribenzoate was present in the reference cu- 
vette. The abbreviation APDPN is used to denote the acetyl- 
pyridine analogue of DPN. 


compound of enzyme and analogue at several concentrations of 
the latter were obtained in 0.1 m EDTA, pH 6.75 at 26°. The 
difference spectrum of enzyme saturated with analogue was 
calculated from these data and is shown in Fig. 2 with the spectra 
obtained for DPN and deamino DPN. The shapes of the curves 
are very similar, but the spectra for the analogue and deamino 
DPN are slightly lower and broader than with DPN. Addition 
of 0.005 m cysteine did not increase the spectrum of the compound 
of enzyme and analogue. A‘anaiogue In this experiment was 
2.7 x 10-*m. Titration in the double-beam instrument at 415 
minus 500 my in 0.1 Mm EDTA, pH 6.45, at 26° resulted in a 
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value of K’anatogue Of 2.6 * 10-4 mM which was constant through- 
out the titration. 

Kaplan et al. (5) had obtained a considerably larger increase 
in absorption on addition of the acetylpyridine analogue of DPN 
to yeast glyceraldehyde 3-phosphate dehydrogenase. Conse- 
quently, additional difference spectra were obtained under the con- 
ditions they had used. In agreement with their data, the height 
of the maximum of the difference spectrum was increased 10- 
fold in the presence of 0.1 M potassium phosphate (Fig. 3). The 
curve shown here has been calculated from spectra obtained at 
several concentrations of coenzyme and represents enzyme satu- 
rated with DPN. K’anatogue under these conditions was 2.5 X 
10-‘ m. Thus the change in spectrum does not appear to be 
associated with a change in the affinity of enzyme for the ana- 
logue. In order to determine the effect of ions on the spectral 
change, spectra were obtained at pH 7 in several different buffers 
in the presence of 1.71 X* 10-4 m analogue and 1.39 x 10-5 
enzyme. The absorbancy was greatest in 0.1 mM phosphate and 
decreased at lower concentrations of phosphate. In 0.17 m 
arsenate the shape of the spectrum was similar but the optical 
density change was only 75 per cent of that obtained in 0.1 m 
phosphate. The spectrum in carbonate or pyrophosphate was 
less than that obtained in EDTA. In mixtures containing 0.1 
M phosphate and 0.1 mM pyrophosphate or EDTA, the spectrum 
was similar in shape to that obtained in 0.1 mM phosphate but not 
so high. In this case addition of more phosphate increased the 
spectrum. 

Difference spectra were obtained with 1.40 x 10-5 mM enzyme 
and several different concentrations of analogue in the presence 
of 0.1 m phosphate or arsenate at several pH values. 
and the extinction coefficient of the compound of enzyme satu- 
rated with analogue were estimated from the data and are given 
in Table I. Both of these constants appear to be dependent upon 
pH. As with DPN, the affinity of the acetylpyridine analogue 
decreases markedly with pH from pH 8 to9. Although the shape 
of the spectrum at pH 6.4 is similar to that at pH 8.5 the extinc- 
tion coefficient increases by a factor of 10. This suggests that 
the divalent rather than the monovalent phosphate or arsenate 
anion is responsible for the increased spectrum. Failure to 
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Fic. 3. Difference spectra of the compound of enzyme saturated 
with the acetylpyridine analogue of DPN in phosphate and in 
EDTA. O——O, 0.1 m K2HPO,, pH 8.2, 20°. The reference 
cuvette did not contain analogue or p-chloromercuribenzoate. 
The spectrum has been corrected for the absorption of the ana- 
logue alone. @——@, 0.1 m EDTA, pH 6.75, 25°. The reference 
cuvette contained enzyme, analogue, and excess p-chloromercuri- 
benzoate. 
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obtain a spectral change at pH 4.7 may be because of the pre- 
dominance of the monovalent phosphate anion at this pH. 

A possible explanation of the increased spectrum in the pres- 
ence of phosphate is that there are more binding sites of analogue 
under these conditions. However this seems to be ruled out 
by the observation that 2.4 equivalents of p-chloromercuri- 
benzoate abolished the spectrum of the enzyme-analogue com- 
plex in phosphate buffer. Binding of DPN or deamino DPN 
by the enzyme was prevented by addition of 2.2 to 2.5 equiv- 
alents of the mercurial. 

The effect of phosphate appears to be specific for the acetyl- 
pyridine analogue because addition of phosphate resulted in no 
change in the difference spectrum of enzyme and DPN or en- 
zyme and deamino DPN. 

Pyridine-3-Aldehyde Analogue of DPN—There was no ob- 
servable spectral shift on addition of this analogue to the enzyme. 
However, when the enzyme was titrated with DPN in its pres- 
ence, the apparent affinity of DPN for enzyme was greatly de- 
creased. This suggested that the analogue was competing with 
DPN for the binding sites of the enzyme. K’ppy remained 
constant throughout the titration curve, indicating that the 
analogue was competing at both binding sites. A, the dissocia- 
tion constant of the enzyme-inhibitor compound was calculated 
from the equation: 


kK ‘DPN i 
K'ppx Ky 

where A’ppn, is the value of A’ppy under similar conditions 

of pH and temperature in the presence of inhibitor and [J] is 

the concentration of free inhibitor. At pH 6.50 in 0.1 m EDTA 

and 26°, K, for the pyridine aldehyde analogue is 0.13 K 107-4 m. 

DPNH—No change in the spectrum of DPNH was observed 
in the presence of the enzyme. DPNH did, however, inhibit the 
binding of DPN by enzyme. At pH 6.50 in 0.1 M EDTA and 
26°, K; is 0.89 10-4 M. 

3-Acetylpyridine Analogue of Deamino DPN—When 8.19 xX 
10-4 m analogue was added to 3.75 & 10-5 mM enzyme, there was 
no spectral evidence of complex formation at pH 6.95 in 0.1 M 
EDTA. When enzyme was titrated with the acetylpyridine 
analogue of DPN at pH 6.4 in 0.1 m phosphate, in the presence 
of 12.3 = 10-4 mM analogue of deamino DPN, there was a de- 
crease in the apparent affinity of the DPN analogue for the en- 
zyme. Assuming that deamino DPN analogue was acting as a 
competitive inhibitor, its dissociation constant for the enzyme 
is 48 10-4. 

The relative rates of reduction of DPN and certain of the ana- 
logues were measured in the presence of yeast glyceraldehyde 
3-phosphate dehydrogenase with glyceraldehyde as substrate 
and are tabulated in Table II. For convenience in comparison, 
the dissociation constants of the compounds of enzyme and DPN 
and its analogues, at pH 6.4 to 6.5 at 26° are included in the same 
table. Since the rate of the enzymatic reaction is very slow at 
pH 6.4, the rates were measured at pH 7.6 where the reaction is 
more rapid. In agreement with the data of Kaplan et al. (4) 
the pyridine aldehyde analogue of DPN was not reduced by the 
enzyme but did inhibit the reduction of DPN. 

For the analogues that are reduced by the enzyme there ap- 
pears to be a relationship between the relative rates of the en- 
zymatic reaction with glyceraldehyde as substrate and the rela- 
tive affinity of analogue for enzyme. Under the experimental 
conditions employed in these studies, the acetylpyridine analogue 
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TABLE I 
Comparison of K’ for acetylpyridine analogue of DPN and 
extinction coefficient of complex of enzyme and analogue at 
several pH values 
The data were obtained at 28°. K'gnatogue and the extinction 
coefficients were estimated by the method described in the text. 


pH | Buffer 


us 


4.7 | 0.1 M phosphate, 0.033 m EDTA, 0.067 no spectral change 


 M acetate | 
6.4 , 0.1 M phosphate, 0.005 m EDTA 3.3 2.9 
8.5 0.1m phosphate, 0.1 M pyrophosphate, 29 28 
0.005 mM EDTA 
8.8 0.1 M arsenate, 0.005 m EDTA 33 19 


TABLE II 


Comparison of relative rates of enzymatic reaction with DPN and 
its analogues as coenzymes and dissociation constants of 
enzyme-coenzyme compounds 


The rate in the presence of DPN has arbitrarily been set equal 
to 100. The reaction mixtures contained 0.1 M pyrophosphate, 
10-4 Mm coenzyme, 0.0057 M arsenate, 0.005 mM cysteine, 0.005 m 
EDTA, and 0.004 m pi-glvceraldehyde. 


Dissocia- Relative 
i | tion con- rate of 
Coenzyme | pH Buffer 0.1 m stant wu X pH enzy- 
104 matic 
reaction 
DPN 6.50 | EDTA 0.078 | 7.70 | 100.0 
Pyridine-3-aldehyde 6.50 | EDTA 0.13 | 7.45 0 
DPN 
DPNH 6.50 EDTA 0.89 
Deamino DPN 6.45 | EDTA 1.3 7.55 8.3 
Acetylpyridine DPN 6.45 | EDTA 2.6 7.60 8.7 
Acetylpyridine DPN — 6.40 | phosphate) 3.3 
Acetylpyridine dea- 6.40 | phosphate) 48 7.45 | 
amino DPN 


of DPN and deamino DPN have similar affinities for enzyme and 
appear to function as coenzymes at similar rates. Likewise, 
the acetylpyridine analogue of deamino DPN has a much lower 
affinity for the enzyme and is reduced at a correspondingly lower 
rate. However, these rates cannot be expected to correlate 
very closely with the affinities of the enzyme for the coenzymes, 
since the rates may also be influenced by the concentrations of 
substrate and of coenzyme and the rate of dissociation of reduced 
coenzyme. Determination of Vmax, the rate which is independ- 
ent of coenzyme concentration might give a better comparison 
of the efficiencies of the various analogues as coenzymes. How- 
ever, it was not possible to determine Vmax experimentally be- 
cause only limited quantities of the analogues were available. 
Vmax could not be determined from Lineweaver-Burk (13) 
plots for the acetylpyridine analogue of DPN or deamino DPN. 
When the concentration of the former was varied from 0.4 to 
5 X 10-4 M, the rate was directly proportional to analogue con- 
centration. With deamino DPN, the Lineweaver-Burk plot 
was nonlinear. This is possibly one of the cases discussed by 
Ingraham and Makower (14) in which such plots are nonlinear 
when both substrate and coenzyme are present in concentra- 
tions too low to give maximal velocities. 
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DISCUSSION 


DPN and its analogues appear to be bound to the enzyme 
at the same sites. This seems likely in the case of the pyridine 
aldehyde analogue of DPN and DPNH because of the inhibition 
of DPN binding by these coenzymes. Since K’ppy, in the pres- 
ence of inhibitor, remained constant throughout the titration 
of enzyme with DPN, it can be assumed that the inhibitor was 
competing equally at both binding sites. The characteristic 
spectrum of the complex of enzyme.and DPN, its acetylpyridine 
analogue or deamino DPN disappears on addition of 2.2 to 2.5 
equivalents of p-chloromercuribenzoate. This indicates that 
the latter analogues also are bound at the same enzymatic sites 
as DPN. 

The amino group of the adenine moiety of DPN as well as 
the amide group of the pyridine moiety appear to be very im- 
portant but not absolutely necessary for the binding of DPN. 
Alteration of either of these groups as in deamino DPN or the 
acetylpyridine analogue of DPN results in a 20- to 30-fold de- 
crease in affinity of enzyme for coenzyme. These effects appear 
to be cumulative, since the affinity of the acetylpyridine analogue 
of deamino DPN is less than that of DPN by a factor of ap- 
proximately 600. 

Since the affinity of the pyridine aldehyde analogue of DPN 
for the enzyme is approximately the same as that of DPN, it 
appears that substitution of the pyridine ring with —CHO 
rather than —C(=O) NH, does not alter the affinity of enzyme 
for coenzyme, although the former compound is no longer re- 
duced by the enzyme. On the other hand, if the substituted 
group is —C(==0)CH; as in the acetylpyridine analogue, the 
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affinity of the coenzyme is greatly decreased, but it is still re- 
duced in the enzymatic reaction. 

Reduction of the pyridine ring as in DPNH results in approxi- 
mately a 10-fold decrease in affinity. 

The effect of phosphate and arsenate on the spectrum of the 
complex of the acetylpyridine analogue of DPN and enzyme 
cannot be explained at present, particularly since it is not as- 
sociated with any change in the equilibrium constant. 


SUMMARY 


1. The equilibrium constants for binding of deamino diphos- 
phopyridine nucleotide (DPN) and the 3-acetylpyridine analogue 
of DPN by yeast glyceraldehyde 3-phosphate dehydrogenase 
have been determined by spectrophotometric titration. 

2. The affinities of the pyridine-3-aldehyde analogue of DPN, 
DPNH, and the acetylpyridine analogue of deamino DPN for 
the enzyme have been determined by their inhibition of the 
binding of DPN or the acetylpyridine analogue of DPN. 

3. The presence of 0.1 mM phosphate results in a 10-fold in- 
crease in the height of the maximum of the spectrum of the en- 
zyme-acetylpyridine analogue of DPN compound, but has no 
effect on the spectra of enzyme plus DPN ordeamino DPN. The 
increase in spectrum does not appear to be associated with an in- 
crease in the number of binding sites or in the affinity of the 
analogue for the enzyme. i 

4. There appears to be some correlation between the relative 
affinities of enzyme for DPN and its analogues and the relative 
rates of the enzymatic reaction with DPN and its analogues as 
coenzyme. 

5. The effects of various structural changes in the DPN mole- 
cule on its affinity for the enzyme have been discussed. 
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Catalysis of Oxidation of Nitrogen Compounds by Flavin 
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When it was discovered in this laboratory that sarcosine and 
dimethylglycine are oxidized to formaldehyde by riboflavin phos- 
phate and riboflavin in the absence of protein,! this observation 
was pursued, not only because of our interest in the enzymatic 
oxidation of these substrates, but also because of its implications 
regarding the origin of biochemical reactions. Subsequent stud- 
ies to be described below, have demonstrated that these nonen- 
zymatic reactions are photochemical and occur only when the 
nitrogen compounds, plus catalytic amounts of the riboflavin 
phosphate are exposed to light. The mechanism of this photo- 
oxidation has been investigated by employing as substrates sar- 
cosine and dimethylglycine labeled with C' and also homologous 
derivatives of these amino acids. 


RESULTS 


We chose first to examine the oxidation of sarcosine in the 
presence of riboflavin phosphate, and for this purpose employed 
both the carboxyl- and the methyl-labeled amino acid. The 
results of these experiments are presented in Table I. 


It will be seen that the products in the photooxidation of sar- | 


cosine with riboflavin phosphate are carbon dioxide, methyl- 
amine, and formaldehyde. Thus, the C'-carboxyl group is 
cleaved to give high yields of radiocarbon dioxide and the labeled 
methylamino group is recovered as radiomethylamine. On the 
other hand, the large amounts of formaldehyde produced from 
either carboxyl- or methyl-C"-sarcosine are not significantly la- 
beled. Thus, when the reaction described in Table I was stopped 
for analysis, approximately 10 uwmoles of formaldehyde had ac- 
cumulated. However, of this quantity only 0.2 umole was radio- 
active in the case of the C'H3-sarcosine and only 0.007 umole 
of radioformaldehyde was obtained from the C'“OOH-sarcosine. 
In other words, neither the N-methyl nor the carboxyl carbon 
had contributed significantly to the formaldehyde which accumu- 
lated during the reaction and it could be concluded therefore 
that the formaldehyde was derived almost exclusively from the 
a-carbon. 

When the solutions from the experiments with the sarcosine- 
CH; were chromatographed on paper with n-butanol-acetic acid- 
water (4:1:5) only three radioactive spots were detectable: un- 
reacted sarcosine (Rp, 0.15), methylamine (R», 0.29), and a 


*Supported by Grant No. A-969 C-5, National Institutes of 
Health, United States Public Health Service. An abstract of 
this paper has been published in Federation Proceedings, 17, 224 
(1958). 

t Present address, Department of Chemistry, University of 
Indiana, Bloomington, Indiana. 

'C, W. Chung and C. G. Mackenzie, unpublished results. 
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ninhydrin-negative region with an Ry of 0.62. The latter has 
not yet been identified. Furthermore, no glycine could be de- 
tected, providing additional evidence that N-demethylation is 
insignificant in the photooxidation of sarcosine. 

We were unable to detect the intermediate formation of a keto 
acid such as glyoxylic acid from sarcosine in these experiments. 
Thus, no C'-glyoxylic acid could be isolated in the reaction em- 
ploying the carboxyl-C"-sarcosine (Table I). Moreover, when 
20-umole levels of glyoxylic acid, both in the absence and pres- 
ence of 20 uwmoles of methylamine, were subjected to riboflavin 
phosphate and light under the same conditions, no formaldehyde 
could be isolated. 

Photooxidation of a-C'-dimethylglycine—In further isotope ex- 
periments, summarized in Table II, it was found that dimethyl- 
glycine is also oxidized photochemically with riboflavin phos- 
phate and that the pattern of its oxidation is analogous to that 
of sarcosine. When the reaction was stopped for analysis, for- 
maldehyde and dimethylamine had accumulated in almost equi- 
molar quantities. By photometric analysis, a total of 12.6 
umoles of formaldehyde was found in the reaction mixture, and 
of this amount, 10.8 wmoles were radioactive. In other words, 
at least 85 per cent of the total formaldehyde which accumulated 
during the photooxidation of dimethylglycine was formed from 
the a-carbon. The remaining 15 per cent of the formaldehyde, 
representing only about 2 umoles, was derived from the dimethyl- 
amine in the reaction mixture for, as will be shown in Table III, 
this secondary amine is also photooxidized with riboflavin phos- 
phate to formaldehyde, but at only one-third the rate of dimeth- 
yiglycine. 

Finally, it will be noted in Table II that the a-carbon of the 
dimethylglycine suffered only a marginal oxidation (about 0.2 
per cent) to the level of carbon dioxide and that neither sar- 
cosine nor glycine could be detected chromatographically in the 
reaction mixture. 

Production of Riboflavin Phosphate-2H and Hydrogen Peroxide 
in Photooxidation of Sarcosine—The data of Tables I and II 
demonstrate that sarcosine and dimethylglycine are oxidized 
photochemically by similar pathways. Aside from the produc- 
tion of amine, formaldehyde, and carbon dioxide from these two 
amino acids, the most obvious sign of chemical reaction is the 
uptake of oxygen, and it will be seen from the data of Tables I 
and II that about 1 mole of oxygen is consumed for every mole 
of formaldehyde which accumulates in the reaction mixture. At 
the same time, however, it can be demonstrated in such experi- 
ments that the flavin is serving as an electron carrier and that 
the oxygen taken up during the oxidation of the amino acids is 
due to the reoxidation of the reduced flavin. When, for exam- 


1e 
1e 

r 
e 
S 

| 

| 

| 

f 

| 

| 


1298 


TaBLeE I 
Photoozidation of sarcosine-C'*OOH and sarcosine-C'*H, 
with riboflavin phosphate 

Each Warburg flask contained 20 wmoles of sarcosine and 1 
umole of riboflavin phosphate in 2.4 ml. of 0.075 m potassium phos- 
phate buffer, pH 7.8. The carboxyl-labeled sarcosine contained 
a total of 1.5 & 10° c.p.m. and the methyl-labeled sarcosine, 1.9 X 
10° c.p.m., corrected. Solutions were illuminated for 5 hours. 


Catalysis of Oxidation by Flavin Coenzymes in Light 


pmoles  ymoles | ymoles  ypmoles  pmoles pmoles pmoles 
Sarcosine- 10 (11.2 9.9 0.007 O 0 
C“OOH | | 
Sarcosine- 10 | 0.012 7.1 10.0) 0.21 | | 
C'*H; | | 


* Total formaldehyde. 


TABLE II 
Photooxidation of dimethylglycine-a-C'* 
with riboflavin phosphate 
Each Warburg flask contained 20 wmoles of dimethylglycine- 
a-C'*, totaling 2.5 10° ¢.p.m., corrected, and 1 umole of ribo- 
flavin phosphate in a total volume of 2.4 ml. of 0.075 M potassium 
phosphate buffer, pH 7.8. Solutions were illuminated for 5 hours. 


pmoles 
12 
10.8 
10 + 2 


ple, the oxygen is excluded from the system, the reaction mix- 
ture soon becomes colorless; and, when oxygen is again admitted, 
the characteristic yellow color of the riboflavin phosphate reap- 
pears. Further analyses demonstrated that this oxidation of 
the reduced flavin with oxygen produces hydrogen peroxide and 
that for each mole of oxygen consumed, | mole of hydrogen perox- 
ide accumulates. 

The stoichiometry of the major reaction in the photooxidation 
of these N-methyl amino acids with riboflavin phosphate, under 
the conditions of our experiments, can therefore be summarized 
by the following equations for sarcosine: 


Riboflavin P + H,C—NH—CH.—COOH + H.O 


riboflavin P-2H + H,C-—-NH; + CH.O + CO. 
Riboflavin P-2H + O. — Riboflavin P + H.O. 


Structural Requirements of ‘‘Substrates’’ for Photooxidation with 
Riboflavin Phosphate—To gain some insight into the relationship 
between molecular structure and susceptibility to photooxida- 
tion in the riboflavin phosphate system, we next examined ana- 
logues of sarcosine and dimethylglycine as well as a variety of 
other nitrogen compounds. The results of these studies are pre- 
sented in Table III. 

It will be seen in the N-methylglycine series that the quater- 
nary derivative, betaine, is resistant to oxidation under these 
conditions and that of the other three acids, dimethylglycine and 
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sarcosine are more readily oxidized than the primary glycine. 
The same order of reactivity holds for the methylaminoethanols. 
and also the methylamines; 7.e. the tertiary and secondary deriva- 
tives are several times more active than the primary compounds 
and, in analogy to betaine, the quaternary choline is not at- 
tacked. With both the glycine and amine series, approximately 
1 mole of O2 is consumed for each mole of formaldehyde which 
accumulates. In the aminoethanol series, on the other hand, 
the oxygen uptake exceeds the quantity of formaldehyde found 
in the reaction mixtures, indicating that the alcohol carbons are 
also undergoing oxidation. 

These results established, therefore, that with the simple amino 
compounds, susceptibility to photooxidation decreases in the or- 
der of tertiary > secondary > primary > quaternary, a sequence 
which also represents decreasing electronegativity of their amino 
groups. Furthermore, it will be seen that N-ethylglycine is less 
reactive than sarcosine and that glycylglycine has no activity in 
the system. Taken together, these findings suggested that the 
photooxidation of an amino compound with riboflavin phos- 
phate is enhanced by the electronegativity of some site in the 
molecule, presumably because of the greater availability of elec- 
trons at the nitrogen atom. 

The most direct evidence for this hypothesis was obtained 
when the dimethylglycine and _ sarcosine-riboflavin phosphate 
systems were subjected to various acidities. The results of these 


TABLE III 
Structural specificity in photooxidation 
with riboflavin phosphate 
Twenty wmoles of each substrate plus 1 wmole of riboflavin 
phosphate were dissolved in a total volume of 2.4 ml. of 0.075 m 
potassium phosphate buffer, pH 7.8, and illuminated 5 hours. 


Substrate | Oxygen uptake Formaldehyde 

| pmoles pmoles 
Dimethylglycine............. | 12 12.8 
| 7 8.7 
| <1 0 
Monomethylaminoethanol..... 7 1.3 
Dimethylaminoethanol........ 20 7.8 

| 1.3 umoles)* 
pL-N-methylalanine.......... | 12 (acetaldehyde, 

| 7.6 wmoles)* 
| <1 0.1 
Dimethylamine.............. 4 3.5 
Trimethylamine.............. 9 8.3 
L-Methionine.............. 28 0.8 
| 0 0 
Trimethylacetate............. 0 0 


* No formaldehyde produced. 


4 
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Fic. 1. Rates of riboflavin phosphate-photooxidation of di- 
methylglycine (A) and sarcosine (B) as function of pH. Rates 
expressed as formaldehyde accumulation in 40 minutes. 


experiments, shown in Fig. 1, demonstrated that these amino 
acids are not oxidized when their amino nitrogens are in the 
quaternary form. Instead, the initial rate of photooxidation of 
dimethylglycine or sarcosine becomes significant only above pH 
7.8, the pH range where the nitrogen loses its proton and thereby 
re-exposes the unshared electron pair. The degree of ionization 
of riboflavin phosphate itself does not change significantly in the 
pH range employed in these experiments. 

In addition to the methylated glycines, aminoethanols, and 
amines, there are listed in Table III a number of other compounds 
which are oxidized with riboflavin phosphate under the condi- 
tions of our experiments. Among these substrates, p- or L-ala- 
nine was found to be oxidized at approximately the same rate as 
glycine, while pt-N-methylalanine exhibited about 6 times the 
activity of alanine. Ammonia (or methylamine, in the case of 
the methylalanine) and acetaldehyde are products of these reac- 
tions. These results provide evidence, therefore, that the a-ala- 
nines are oxidized in a manner similar to the oxidation of the 
glycines and emphasize again that secondary amino compounds 
are more reactive than the primary compounds. (#-Alanine is 
not oxidized under these conditions. 

It will be seen that Versene (ethylenediaminctetraacetate) is 
particularly susceptible to photooxidation with riboflavin phos- 
phate and also that formaldehyde is a product of its breakdown. 
Although Merkel and Nickerson (1) implicated Versene in a 
“Hhotoreduction” of riboflavin phosphate, and Oster and Wother- 
spoon (2) have shown that Versene can be photooxidized with 
methylene blue, the results presented here are the first to show 
evidence that this commonly employed chelating agent gives rise 
to formaldehyde during the course of its oxidation. 

In the case of methionine, whose rate of oxygen uptake in the 
riboflavin phosphate system is more than twice that for the gly- 
cine and alanine derivatives, neither C4H.O nor CO, was found 
to be a reaction product of the C'™H;-amino acid. N-methyl 
compounds such as adrenaline and nicotine are very reactive 
under the conditions of our experiments but just as in the case 
in the methionine they also fail to give rise to formaldehyde. 

Fatty acid anions such as acetate, propionate, butyrate, valer- 
ate, and trimethylacetate are not oxidized in the riboflavin phos- 
phate system. 

Catalytic Function of Flavin System in Photooxidation—In the 
reactions described thus far, catalytic quantities of riboflavin 
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phosphate will elicit photooxidation of the various nitrogen 
substrates. In order to determine whether the photodynamic 
efficiency of the flavin might be influenced by variations in its 
structure, riboflavin and FAD were compared with riboflavin 
phosphate for photo-activity against sarcosine and dimethyl- 
glycine. 

The results of these experiments (Table IV) demonstrated that 
riboflavin and riboflavin phosphate, which differ only by a phos- 
phate ester linkage, possess almost the same catalytic activity 
as measured by either the rates of oxygen uptake or formaldehyde 
production. FAD, on the other hand, is only 10 to 20 per cent 
as potent a catalyst as the other two flavins. In other words, 
the attachment of the adenylic acid moiety to the riboflavin 
phosphate molecule deters its photodynamic activity toward 
these amino acids. 

This indication that the adenylic acid portion of FAD exerts 
an intramolecular ‘“‘quenching”’ effect on the photodynamic ac- 
tivity of the riboflavin nucleus led to a study of free adenine and 
its nucleotides. As shown in Table V, the addition of adenine, 
adenosine, or the adenosine phosphates to the system interfere 


TABLE IV 


Photooxidation of sarcosine and dimethylglycine with 
riboflavin, riboflavin phosphate, and FAD 
Experimental conditions same as those described in Tables I to 
III. Each flask contained 1 umole of flavin derivative and 20 
pmoles of substrate. 


Sarcosine Dimethylgy lcine-a-C'* 
Flavin 
Oxygen CH:0 Oxygen CH:0 C4HLO 
pmoles pmoles pumoles pmoles pmoles 
Riboflavin. ......... 10 9.4 12 11.6 10.7 
Riboflavin phos- 
| 9 8.2 10 10.4 9.6 
| 1 1.0 2 2.3 2.4 
TABLE V 


Effect of fluorescence ‘‘quenchers’’ on photooridation 
of sarcosine by riboflavin phosphate 
Each flask contained 20 wmoles of sarcosine and 20 umoles of 
the quenching compound, except where indicated. Experimental 
conditions the same as those described for Tables I to IV. 


—— 


| | CH:20 isolated 
Quencher* Oxygen uptake | 
| Photometric 
| pmoles | pmoles pmoles 
| 10 | 10.2 9.9 
7 | 8.0 
| 3 | 2.5 2.5 
5-AMP, 1 wmole.......... 6 6.5 8.1 
j 


* These compounds do not give rise to formaldehyde in the ri- 


boflavin phosphate system. 
t Soluble with difficulty in buffer at pH 7.8. 


| 
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Fic. 2. Photocatalytic action of riboflavin phosphate in oxida- 
tion of amino acids. The light-activated riboflavin phosphate is 
indicated by a star. 


with the catalytic action of riboflavin phosphate in the oxidation 
of sarcosine, as reflected in a depression of the oxygen uptake 
and formaldehyde accumulation. The adenine derivatives alone 
are not oxidized with riboflavin phosphate in our system. In 
similar experiments guanine and guanosine were also found to 
antagonize the photooxidation of sarcosine as judged by the 
formaldehyde analysis. However, with the latter purines in 
contrast to the adenine derivatives, there was a net increase in 
oxygen uptake which was shown to be due to the active photo- 
oxidation of guanine and guanosine themselves in the presence 
of riboflavin phosphate. The same was true for thymine, uracil, 
and cytosine.? In further experiments it was found that other 
well established fluorescence quenchers such as iodide and thy- 
roxine are also very efficient in hindering the photooxidative ac- 
tion of riboflavin phosphate. 

From our studies thus far it may be deduced that riboflavin 
phosphate functions photocatalytically in the oxidation of amino 
compounds by the sequence of reactions depicted in Fig. 2 where 
the light-excited electronic state of the riboflavin phosphate has 
been designated as riboflavin P*. Although the inhibitory action 
of the purines, thyroxine, and iodide, described in Table V, are 
compatible with a simple fluorescence quenching mechanism, such 
an antagonism alone does not suffice to characterize the lifetime 
of the excited electronic state of the riboflavin phosphate 
in its reaction with sarcosine or dimethylglycine and quantitative 
fluorometric studies are needed to answer this question. It 
should also be pointed out here that spectroscopic analyses of the 
reaction mixtures have failed to demonstrate any complex for- 
mation between riboflavin phosphate and sarcosine. 

The temperature coefficient of the riboflavin phosphate-photo- 
oxidation of sarcosine, as measured by the rates of formaldehyde 
accumulation at 34 and 51°, was found to be 1.3. Compared 
with a Qj. of 2 to 4 for most thermochemical reactions, the low 
coefficient observed here implies that the higher temperature has 
merely increased the kinetic energy (diffusion rate) of the react- 
ing molecules and has not enhanced their state of activation. 
That is to say, the light energy captured by the riboflavin phos- 
phate system is apparently so large that any additional energy 


2W.R. Frisell and C. G. Mackenzie, unpublished results. 
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which could be supplied by a 10—20° increase in temperature is 
relatively insignificant. 


DISCUSSION 


The photochemical, nonenzymatic oxidation of sarcosine and 
dimethylglycine described above and the mitochondrial metabo- 
lism (3) of these same compounds both produce formaldehyde 
in high yields. However, the two oxidative pathways involve 
entirely different mechanisms. For example, with dimethyl- 
glycine and mitochondria, only the N-methyl groups are oxi- 
dized and yield active formaldehyde, which is subsequently 
converted to either free formaldehyde or serine B-carbon. The 
remainder of the dimethylglycine molecule can be recovered as 
sarcosine, glycine, or serine (4). In the photochemical decarbox- 
ylation and deamination process, on the other hand, the 
N-methyl groups escape oxidation and no serine or glycine can 
be detected. In this case the formaldehyde is instead derived 
from the a-carbon. One possible mechanism for such an oxida- 
tion of dimethylglycine is described in Fig. 3. In the scheme 
depicted here, the production of carbon dioxide and the formal- 
dehyde-dimethylamine intermediate has involved the loss of two 
electrons, one from the a-carbon and the other from either the 
carboxyl group or the nitrogen. Of the two latter alternatives 
the loss of an electron from the nitrogen would appear to be the 
more probable in view of our finding that the rate of photooxida- 
tion is increased when electrons are made available at the nitro- 
gen atom (Fig. 1). The enzymatic reaction in which the a-car- 
bon of glycine is oxidized to yield a precursor of the B-carbon of 
serine (5, 6) may proceed by way of a similar mechanism. 

In addition to the possible use of these light-induced oxida- 
tions as models for enzymatic reactions, the prominent produc- 
tion of formaldehyde in many of these photooxidations also de- 
serves some attention, particularly in the area of evolutionary 
chemistry. Such a consideration is especially pertinent since 
the participation of formaldehyde and its products in the evolu- 
tion of biochemical systems has been underscored in theories of 
the origin of life (7). Moreover, the same compounds which we 
have found to be formaldehydogenic with riboflavin phosphate 
in light have been proposed as primordial compounds since they 
are found to be synthesized by an electric discharge through a 
gas mixture resembling the earth’s atmosphere in its early stages 


(8). Also, these compounds are ubiquitous in all phyla, a fact 
which lends plausibility to the hypothesis that photodynamic 
H 
co 
He 2 
+e H,0 
H3C, 
H3C 
He +e 
H e 
-¢-COO$ 


Fig. 3. Alternative mechanisms for riboflavin phosphate- 
photooxidation of dimethylglycine. The electrons not present in 
covalent bonds are shown by @. 
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phenomena could be involved in evolutionary and mutagenic 
processes.* If light played such a role, it is probable that com- 
pounds which possessed the ability to absorb light functioned 
as catalysts in primitive organized systems before the appear- 
ance of enzymes. Once established in primitive systems, these 
light-absorbing compounds may have continued to function cata- 
lytically even after the origin of proteins. It is perhaps signifi- 
cant in this regard that the respiratory coenzymes, except the 
pyridine nucleotides, can absorb visible light. 

Entirely aside from these implications, however, the effects of 
photochemical reactions which we have described should sound 
a note of warning with respect to organic reactions in biological 
culture media. With complicated admixtures of compounds 
such as amino acids, metal sequestering agents, and others, to- 
gether with flavins and their nucleotides, light might not only 
alter the composition of the media but could also induce unto- 
ward vectors of growth, differentiation, or mutation in the cells 
growing in such environments. 


EXPERIMENTAL 


Sarcosine-C'4H3; and sarcosine-C“OOH were prepared in this 
Jaboratory by Dr. R. H. Abeles with procedures described else- 
where (10). The C'H;3-methionine was kindly provided by Dr. 
V. du Vigneaud. Dimethylglycine-a-C™ was synthesized by the 
procedure of Michaelis and Schubert (11). -ethylglycine and 
pit-N-methylalanine were prepared by the method of Cocker (12). 
The sodium salt of glyoxylic acid was synthesized by the proce- 
dure of Metzler et al. (13). The commercial sources of cofactors 
and other compounds were as follows: riboflavin, Merck; ribo- 
flavin phosphate, sodium salt, monohydrate, Pabst Laboratories; 
FAD, Sigma “90”, adenine, and the adenylic acids, Sigma; gua- 
nine, guanosine, thymine, uracil, and cytosine, Nutritional Bio- 
chemicals Corporation. 

The photoreactions were carried out in air employing standard 
Warburg manometers mounted on an Eberbach platform shaker. 
The flasks were shaken 5 hours at 100 excursions per minute, 2 
em. from a 36-inch, 30-watt General Electric fluorescent lamp 
(“Black Light’) with an emission peak of 3500 A. With this ar- 
rangement, the small amount of heat emitted by the lamp results 
in a temperature of 34° for the flask contents. The reaction 
mixtures were buffered at pH 7.8 with 0.075 M potassium phos- 
phate (0.0001 mM in Mg**). 

With the control flasks containing riboflavin phosphate and 
substrates in the absence of light, there was neither an oxygen 
uptake nor production of formaldehyde. Moreover, there was 
no oxidation of the substrates in the light when riboflavin phos- 
phate was omitted from the system. On the other hand, the 
photooxidation of riboflavin phosphate itself (14, 15) always had 
to be taken into account. For example, with 5 hours of illumi- 
nation of 1 umole of riboflavin phosphate under our conditions 
there accumulates 0.8 umole of formaldehyde and the oxygen 


3 An excellent illustration of the possible role of riboflavin in 
‘natural’? photodynamic phenomena is provided by the experi- 
ments of Galston’s laboratory (9) which showed that the plant 
flavoprotein, indoleacetic acid oxidase, is light activated. Such 
a process would affect the titer of the growth hormone, indoleace- 
tic acid, and suggests the possibility that riboflavin-sensitized 
photoreactions are implicated in plant growth and phototropism. 
Galston has also found that indoleacetic acid and related com- 
pounds are photooxidized with riboflavin in the absence of en- 
zymes, but the nature of the oxidation products is still unknown. 
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uptake was 4 umoles. All of our analyses have been corrected 
for these “blanks.’’ It should be pointed out that under our 
conditions the reaction solutions are still strongly fluorescent af- 
ter 5 hours of illumination despite the photodecomposition of 
some riboflavin phosphate. 

The total formaldehyde in the reaction flasks was measured 
spectrophotometrically (16). The radioformaldehyde was iso- 
lated with carrier as the dimedon derivative (17) and radiocarbon 
dioxide as barium carbonate (17). Radiomethylamine was re- 
covered as the picrolonate salt (18), and was also isolated and 
identified by paper chromatography (19) in butanol, water, and 
acetic acid (4:5:1). This chromatographic system was also em- 
ployed for the analysis of dimethylamine and sarcosine. Paper 
chromatographic analyses for glycine were carried out with phe- 
nol-water (4:1). In carrier analyses for radioglyoxylic acid the 
compound was isolated as the 2 ,4-dinitrophenylhydrazone deriv- 
ative (18). 

Absorption spectrum analyses to detect any possible complex 
formation between riboflavin phosphate and sarcosine in the buf- 
fered reaction mixtures were carried out in both the ultraviolet 
and visible regions with the Beckman model DU Spectrophotom- 
eter. 

To determine the hydrogen peroxide in the reaction mixtures, 
a catalase solution was tipped into the main compartments of 
the Warburg flasks at the end of the experiment, and the evolved 
oxygen was measured manometrically. 


SUMMARY 


Riboflavin phosphate and riboflavin, in the presence of light, 
catalyze the nonenzymatic oxidation of sarcosine and dimethyl- 
glycine to carbon dioxide, formaldehyde, and the corresponding 
amine. Glycine is also oxidized in this system, with ammonia 
replacing the substituted amine as a reaction product, whereas 
betaine is inactive. Alanine and V-methylalanine are oxidized 
to yield acetaldehyde instead of formaldehyde in the photooxida- 
tion. 

The origin of the reaction products as determined with C™- 
labeled substrates can be formulated as follows, with sarcosine 
as an example: 


Riboflavin P + H;C—NH—CH,—COOH + H.O — 


riboflavin P-2H + H;C—NH. + CH.O + CO, 
Riboflavin P-2H + O, — riboflavin P + H-,O. 


The methylaminoethanols and methylamines also yield formal- 
dehyde in the presence of riboflavin phosphate and light, and as 
is the case with the glycines, their susceptibility to oxidation de- 
creases in the following order of electronegativity of the amino 
group: tertiary > secondary > primary > quaternary. In view 
of its wide use in biochemical systems it is of particular interest 
that the tertiary amine, ethylenediaminetetraacetate, has been 
found to be a potent source of formaldehyde in this system. 

Riboflavin phosphate fulfills a dual function in the foregoing 
reactions, serving both as the electron acceptor and, in its photo- 
activated state, as the source of activation energy for the dehy- 
drogenations. Its photocatalytic action is inhibited by adenine 
derivatives, either when added separately to the riboflavin phos- 
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phate system or when attached to riboflavin phosphate as in 
flavin adenine dinucleotide. Thyroxine and iodide are also in- 
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These reactions are discussed as models for enzyme reactions 


and also with regard to their implications in evolutionary chem- 


hibitory. istry. 
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In current studies in this laboratory on the composition and 
activity of plant mitochondria as a function of growth, it has been 
noted that well washed mitochondrial preparations contain about 
1 per cent of the dry weight as ribonucleic acid. Most of this 
RNA may be due to microsomal contamination, for electron 
micrographs show corn mitochondrial preparations to be quite 
heterogeneous (1). However, the possibility remains that some 
RNA may be a constitutive part of the mitochondrion proper 
and may even have a functional role in phosphorylation. Pin- 
chot (2, 3) has reported a polynucleotide requirement for oxi- 
dative phosphorylation by extracts of the bacterium Alcaligenes 
faecalis, and Allfrey and Mirksy (4, 5) have found polynucleo- 
tides or polyanions necessary for ATP formation in thymus nuclei. 
Lowe and Lehninger (6), on the other hand, have demonstrated 
that highly polymerized RNA is not essential to phosphoryla- 
tion by liver mitochondria. 

It appeared that the simplest means of determining whether 
plant mitochondria contain a polynucleotide moiety functional 
in oxidative phosphorylation would be to treat the mitochondria 
with ribonuclease. If RNase penetrates plant membranes, as is 
suggested by the inhibitions the enzyme produces on salt uptake 
(7) and protein synthesis (8, 9) when applied to roots, RNA in 
the mitochondrion or mitochondrial membrane should be ac- 
cessible for degradation. Zollinger (10) observed in the phase 
contrast microscope that RNase-treated mitochondria suffered 
some internal dispersion on secondary swelling in water. Al- 
though RNase has been reported to have no effect on phos- 
phorylation in bacterial extracts (2), respiration in roots (8), 
and succinoxidase activity in liver mitochondria (11), it was de- 
cided to study the effect of RNase on plant mitochondria. The 
experiments showed that RNase markedly impairs oxidative 
phosphorylation in corn and soybean mitochondria; the same 
effect was obtained with rat liver mitochondria. 


EXPERIMENTAL 


The principal investigations were carried out with mitochon- 
dria isolated from etiolated shoots of corn seedlings germinated 
for 3 days at 28°. The general procedures for isolation and 
determination of activity were those previously described for 
mitochondria from corn roots (1). Approximately 40 gm. of tis- 
sue were ground in an ice-cold mortar with about 80 ml. of 0.5 
M sucrose, containing 0.067 mM potassium phosphate and 0.005 
mM ethylenediaminetetraacetic acid (pH 6.8); and the mitochon- 
dria were isolated in the cold as the particulate fraction sedi- 


* This investigation was supported in part by Grant No. G-3358 
from the National Science Foundation. 
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menting between 800 X g for 5 minutes and 20,000 x g for 15 
minutes. In a few experiments the mitochondria were washed 
in the grinding medium, suspended in 0.5 M sucrose, and added 
to the Warburg vessel with RNase (Table I below). In most 
experiments the isolated mitochondria were suspended in 5 to 10 
ml. of the grinding medium and equal aliquots (2 to 5 ml.) pre- 
incubated with and without RNase or the other enzymes and 
proteins indicated in the tables below. Crystalline RNase was 
obtained from the Worthington Chemical Company and the 
Sigma Chemical Company. Other enzymes were from Worth- 
ington except for crystalline chymotrypsin from Armour Lab- 
oratories. Bovine serum albumin and zein were from Nutri- 
tional Biochemicals. Enzymes were added to the mitochondrial 
suspension from stock aqueous solutions (10 mg. per ml.). Un- 
less otherwise noted the final concentration of enzyme or protein 
during incubation was 0.9 mg. per ml., the concentration used 
by Schneider (11). Preincubation was carried out in centrifuge 
tubes at room temperature (23-26°) or in a 30°-water bath. 
Ultraviolet light was provided by a “Mineralight” lamp (model 
SL-2537, Ultra-Violet Products, South Pasadena, California) 4 
em. above the mitochondrial suspension. 

After preincubation the mitochondrial suspensions were diluted 
with 15 to 20 ml. of ice-cold grinding medium and the mitochon- 
dria resedimented. The centrifuge tubes and pellets were rinsed 
with 0.5 M sucrose and the pellets suspended in 0.5 mM sucrose for 
addition to the manometer vessels. Additional washings of the 
mitochondria were omitted since these had no significant effect 
(see “Results” below). 

The isolation and subsequent treatment of soybean mito- 
chondria were identical with those for corn mitochondria. Rat 
liver mitochondria were isolated by standard techniques (12) 
in .25 mM sucrose containing 0.001 mM ethylenediaminetetraacetic 
acid (pH 7.4) as the particulate fraction sedimenting between 
800 X g for 5 minutes and 10,000 x g for 10 minutes. Except 
for the change in grinding medium, subsequent incubation and 
treatment were the same as for plant mitochondria. 

The ATPase activity of the preincubated mitochondria was 
determined by incubating 0.6 ml. of mitochondrial suspension 
(.2 to .3 mg. of N) with 0.5 ml. of .025 m ATP and 0.1 ml. of 
0.02 m MgSO, (pH 6.8) for 1 hour at 30° and determining the 
orthophosphate released by the method of Fiske and SubbaRow 
(13). 

Analyses were performed on 5-ml. aliquots of mitochondria 
suspension incubated with and without RNase at 30° for 20 
minutes as above. After dilution with the grinding medium 
and resedimentation the mitochondria were washed by resuspen- 
sion and resedimentation in 0.2 Mm glucose. The glucose washing 
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minimizes dry weight errors due to occluded sucrose. The 
washed mitochondria were suspended in water and aliquots dried 
to constant weight at 60° in a vacuum. Other aliquots were 
precipitated and washed in ice-cold 0.2 N HCIO«,, and the soluble 
nucleotides estimated on the combined supernatant solutions 
by 260 to 290 my absorption in a Beckman DU spectrophotom- 
eter with AMP in 0.2 N HClO, used as a standard. Lipides 
were extracted three times from the residue with 2:2:1 ethanol- 
ether-chloroform, and phosphate was determined on the com- 
bined and acid-digested extracts (12). 

Nucleic acid was extracted from the lipide-free residue by the 
method of Ogur and Rosen (14) for DNA. This extraction in 
0.5 Nn HCIO, at 70° proves to be more thorough and reproducible 
with plant mitochondria than extractions in cold HCIO,, alkali 
or salt, and the ultraviolet absorption spectrum parallels that of 
yeast RNA. No DNA can be detected by the colorimetric 
procedures with diphenylamine (15) or cysteine (16), and the 
nucleic acid is reported as RNA. RNA was estimated from 260 
to 290 my absorption with yeast RNA dissolved in 0.5 N HCIO, 
at 70° used as a standard. 

Protein was determined by the method of Lowry et al. (17) 
on aliquots of the aqueous suspension. Nitrogen analyses were 
carried out by digestion and direct nesslerization on the mito- 
chondrial suspension (18). 


RESULTS 


Effect of RNase and Other Enzymes on Mitochondrial Phos- 
phorylation—Table I shows the result obtained in exploratory 
experiments by adding RNase directly to the Warburg vessels. 
An experiment with rat liver mitochondria is included for pur- 
poses of comparison. The RNase has an effect similar to that 


TABLE I 


Uncoupling effect of ribonuclease on corn shoot and 
rat liver mitochondria 


RNase in aqueous solution added to mitochondria preparation 
in Warburg vessels. Oxygen consumption and orthophosphate 
disappearance measured over 20 minutes after 7 minutes of equili- 
bration. Vessel contents for corn mitochondria were: 30 wmoles 
of potassium phosphate, 40 wmoles of a-ketoglutarate, 1.0 mg. of 
AMP, 0.33 mg. of DPN, 0.5 mg. of thiamine pyrophosphate, 0.1 
mg. of cytochrome c, 0.1 mg. of CoA, 2.5 wmoles of MgSO,, 110 
pmoles of glucose, .3 mg. of hexokinase, 0.5 ml. of mitochondria 
preparation. Final sucrose concentration, 0.16 mM; total volume, 
2.5 ml.; final pH, 6.6; temperature 29°. Vessel contents for rat 
liver mitochondria differed only in the substitution of equimolar 
glutamate for a-ketoglutarate and ATP for AMP. Determina- 
tions made on duplicate vessels after 10 and 20 minutes as indi- 
cated. 


Uptake 
Source of mitochondria RNase ahem ed Ortho- P:O 
Oxygen | phos- 
phate 
atoms | wmoles 
Corn shoots None 6.7 | 11.1 1.66 
0.1 7.6 9.4 1.24 
1.0 6.3 5.3 . 84 
Liver None, 10 min. 6.7 | 11.8 1.76 
20 min. 12.6 | 22.3 1.77 
1.0, 10 min. 9.1 4.2 0.80 
20 min. 12.5 5.6 0.45 
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TABLE II 


Effect of preincubating corn and soybean mitochondria with RNase 
on subsequent oxidative phosphorylation 

Incubation procedures described in text. Vessel contents as 
in Table I. RNase in Experiment D was inactivated by boiling 
at pH 6.9. The DNP (2,4-dinitrophenol) was added to the ma- 
nometer vessels. Oxidation and phosphorylation determined in 
duplicate over 20- to 30-minute intervals. QO. (N) = ul. of O» 
per hour per mg. of N. P:O = umoles of orthophosphate disap- 
pearing per uw atom of O, consumed. P:N = umoles of ortho- 
phosphate disappearing per mg. of N per hour. 


Incubation QO2(N) P:O P:N 

A Corn Ice bath, 20 min. 832 | 2.88 | 214 

plus RNase 908 | 2.46 200 

B Corn Room temperature, 20 | 681 | 2.62 | 159 
min. 

plus RNase 650 | 1.73 | 100 

Corn 30°, 25 min. 602 | 2.39 | 129 

plus RNase 236 «1.00 21 

D Corn 30°, 10 min. 672 | 2.13 | 123 

| plus RNase 558 | 0.93 46 

| plus RNase (boiled) 604 | 2.22 | 120 

: 2°, 10 min. + RNase 715 | 2.23 | 141 

> | Soybean | 30°, 10 min. 865 | 1.75 | 134 

| plus RNase 888 | 1.21 96 

F Corn 30°, 10 min. 477 | 1.96 | 84 

| (plus Additional wash) 495 | 2.02 89 

| plus RNase 327 | 1.32 39 

| (plus Additional wash) | 341 | 1.03) 31 

G Corn Room temperature, 20 | 946 | 2.31 | 194 
| min. 

| plus RNase 833 | 1.48 | 110 

| plus Ultraviolet light 604. 2.12) 114 

H = Corn 30°, 20 min. 724 | 2.46 159 

| plus m DNP 506 1.43 65 

plus RNase - 369 1.32 43 

plus m DNP 361 0.54 17 


produced by dinitrophenol; low concentrations cause oxygen con- 
sumption of corn mitochondria to be slightly accelerated and 
phosphorylation to be somewhat diminished. Higher concentra- 
tions of RNase (1 mg. per ml.) strongly uncouple phosphoryla- 
tion and respiration begins to decline. This inhibition of res- 
piration is marked with longer exposures to RNase. Rat liver 
mitochondria respond to RNase with a marked rise in respiration 
during the initial minutes of determination, followed by a decline 
to rates lower than the untreated control. Phosphorylation is 
uncoupled. 

All subsequent experiments were done by preincubation of the 
mitochondria in the RNase to minimize the possibility that some 
product of RNase activity was responsible for the uncoupling 
effect. Table II gives representative results. Experiments A, 
B, and C illustrate the effect of increasing the temperature of 
incubation. At 0° the RNase has little effect; at room tempera- 
tures phosphorylation is uncoupled with only a small depression 
of respiration; at 30° for 20 to 25 minutes respiration as well as 
phosphorylation is strongly inhibited. Apparently some part 
of the electron transfer system as well as the coupling to phos- 
phorylation is sensitive to RNase, and the total effect of RNase 
on production of energy-rich phosphate bonds is best judged 
from the P:N ratio. 

Experiment D directly compares RNase incubation at 0 and 


— 
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30° and shows in addition that heat inactivation of the enzyme 
eliminates the uncoupling effect. 

Experiment E shows that mitochondria from soybean hypo- 
cotyl are also subject to uncoupling by RNase. The failure of 
an additional washing to alleviate the RNase inhibition even 
partially (Experiment F) indicates that a product of RNase ac- 
tivity is not involved. Experiment G compares the effects of 
RNase and ultraviolet light, which has been reported to uncouple 
liver mitochondria (19). Experiment H shows that the RNase- 
uncoupled mitochondria can be further uncoupled by 2 ,4-dinitro- 
phenol. 

Ixperiments were performed to compare the action of RNase 
during preincubation with that of other proteins and enzymes. 
Although the inactivity of RNase at low temperatures and when 
boiled implies that the uncoupling effect is due to enzymatic 
activity, the possibility remains that a simple physical adsorp- 
tion of protein to the mitochondria might be partially responsi- 
ble. Some earlier experiments performed to determine the 
proper level of hexokinase for obtaining good oxidative phos- 
phorylation with corn mitochondria indicated that excess of hexo- 
kinase could reduce mitochondrial activity. Furthermore, it 
was noted that the recovery of mitochondrial N after preincuba- 
tion was always higher with RNase-treated mitochondria (3 to 
15 per cent), suggesting that some enzyme might be adsorbed 
on the mitochondrial surface. In addition to these considera- 
tions, a possible proteolytic contamination of the RNase as the 
cause of the uncoupling had to be investigated; Schneider (11) 
found that a reported inhibition of succinic oxidase by RNase 
could be attributed to chymotrypsin or trypsin contamination. 
The RNase was purchased as protease-free, but some minor in- 
clusion of proteases was conceivable. 

Table III shows that incubation with zein or bovine serum 
albumin slightly depressed mitochondrial respiration but there 
was no marked uncoupling. Panprotease uncoupled the mito- 
chondria, but this preparation proved to have an active RNase. 
Wheat germ lipase produced effects similar to zein and bovine 
serum albumin. In all, it appears that adsorption of RNase to 
the mitochondria as an interfering protein cannot account for 
its uncoupling effect. 

Contrary to what was expected from Schneider’s report (11), 
trypsin and chymotrypsin increased the respiration rate of the 
mitochondria. In four experiments with corn mitochondria, 
chymotrypsin increased the QO. (N) by 48 + 6 per cent, and 
the P:O by 13 + 2 per cent, and decreased the mitochondrial N 
sedimented after preincubation by 13 + 3 per cent. Trypsin 
had a comparable effect on respiration, but tended to decrease 
rather than increase the P:O ratio. Inasmuch as trypsin con- 
sistently lowered the ATPase activity of the mitochondria, and 
since ATPase is considered in normal mitochondrial function to 
be implicated in phosphorylation (20), a lowered P:O ratio might 
be expected. 

In single experiments pepsin was found to behave much like 
trypsin, and preincubation with chymotrypsin did not alter the 
uncoupling effect of RNase subsequently applied to the mito- 
chondria in the Warburg vessel. 

Pretreatment of rat liver mitochondria with RNase almost 
eliminates phosphorylation. Trypsin and chymotrypsin _in- 
crease the QO. (N) and lower the P:O ratio, leaving the P:N 
ratio essentially the same. No extensive investigation was made 
with liver mitochondria and it is not known whether succinic 
oxidase is affected by chymotrypsin under the conditions of these 
experiments (cf. Schneider). With corn mitochondria, substitu- 
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TaBLe III 


Effect of preincubating corn and liver mitochondria with various 
proteins and enzymes on oxidative phosphorylation 


Experimental procedures as in Table II. 


| Mito- 
Incubation QO: (N)| P:O | P:N | chon 
ATPase 
pumoles 
P/hrf 
meg. N 

Corn shoots 30°, 20 min. 7 2.44 161 

+ RNase 334 | 1.29 38 

+ Zein | 2.34 115 

+ Bovine serum al- 
bumin 651 | 2.33 | 135 
+ Panprotease 609 § 1.10 60 
Room temperature, 15 

min. 858 | 2.63 | 201 | 14.9 
+ RNase 651 | 1.43 83 | 13.6 
+ Lipase 771 | 2.64 | 182 | 14.2 
+ Trypsin 1250 | 2.24 | 250 | 11.4 
30°, 10 min. 446 | 1.68 67 7.7 
+ RNase 215 | 0.74 14 6.8 
+ Trypsin 668 | 1.57 93 3.8 
+ Chymotrypsin 631 | 1.91 | 107 | 6.7 
Liver 30°, 10 min. 318 | 2.36 67 8.0 
+ RNase 169 | 0.23 4 | 14.4 
+ Trypsin 415 | 1.79 66 6.0 
+Chymotrypsin 417 | 1.92} 72 | 11.9 


tion of succinate for a-ketoglutarate as substrate serves only to 
increase the degree to which phosphorylation is uncoupled by 
RNase. 

The increased activity shown by corn mitochondria when pre- 
treated with proteolytic enzymes leads one to suspect that some 
adsorbed cytoplasmic protein is interfering with oxidative phos- 
phorylation. The interference may be produced by limitations 
on diffusion rate or by a steric hindrance in the approach of some 
reactant to an enzymatic site. Proteolytic removal of this inter- 
fering protein would thus enhance the activity of the mitochon- 
dria, provided, of course, that the protease did not attack some 
phosphorylating or oxidizing enzyme, as is probable in the case 
of trypsin. 

The inhibition of substrate oxidation produced in the longer 
exposures to RNase suggested that the enzyme should also im- 
pair tissue respiration. Brachet (8) has reported, however, that 
onion root tip respiration was unaffected by RNase. An ex- 
periment with 1-cm. sections from corn root tips treated with 1 
mg. per ml. of RNase in the Warburg vessel fully verified Bra- 
chet’s report; oxygen consumption was unaffected by RNase 
over a 2-hour period. Presumably, the RNase did not penetrate 
the cell as far as the mitochondria in sufficient quantity. 

Effect of RNase on Mitochondrial Composition—Analyses of 
mitochondria incubated with and without RNase are given in 
Table IV. The increased recoveries of dry weight, protein, and 
lipide phosphate after RNase treatment are about the same (10 
to 12 per cent for the average of the two determinations). This 
suggests that the increased mitochondrial N recovery that ac- 
companies RNase treatment cannot be exclusively due to ad- 
sorbed RNase; the enzyme must also in some fashion cause more 
mitochondria to be sedimented after incubation. The RNase 
treatment reduces the RNA:dry weight ratio of the mitochondria 
by about 20 per cent, a small percentage compared to the drastic 
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TaBLe IV 


Analysis of corn mitochondria preincubated with and 
without ribonuclease 


Values are per milliliter of initial mitochondria suspension. 


Treatment RB Protein Lipide-P | Nucleotides RNA 
mg. mg. umoles mg. meg. 
Control..... 7.3 4.82.56 1.941.18 0.8310.0 8.3/90.2 72.3 


RNase...... 7.9 5.52.85 2.121.24 0.9913.0 10.3'81.7 65.6 
Mean 

change 

(%) due 

to 

RNase... +11 +10 +12 | +27 —10 


effect on mitochondrial activity. In terms of percentage the in- 
crease in cold acid-extractable nucleotides is about twice the 
increase in dry weight, protein or lipide. As these mitochondria 
were washed, the increased nucleotide can be assumed to be 
truly mitochondrial and to arise from degradation of RNA in or 
within the mitochondrial membrane. However, only about 8 
per cent of the total RNA lost per mg. of dry weight can be ac- 
counted for by increase in mitochondrial nucleotides. 


DISCUSSION 


These experiments demonstrate that RNase can be added to 
an imposing list of substances which uncouple phosphorylation. 
The temperature dependence of the RNase effect and the in- 
activity of the heat-denatured enzyme suggest that the uncou- 
pling effect, like the loss of RNA and the increase in acid-soluble 
nucleotides is related to the enzymatic activity. It does not 
necessarily follow, however, that the degradation of mitochon- 
drial RNA is causally related to the uncoupling effect. The 
RNase-sensitive site in oxidative phosphorylation may not be a 
polynucleotide. Tookey and Balls (21) point out that the in- 
hibition of succinic oxidase produced by the phosphodiesterase 
lecithinase D cannot clearly be attributed to action on lecithin, 
because the specificity of the lecithinases is not well known. 
It is conceivable that lecithinase D and RNase hydrolyze the 
same phosphodiester, one element of which is a nucleotide. The 
action of ultraviolet light may be of interest in this connection 
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since Beyer and Kennison (22) report a release of nucleotides 
from irradiated mitochondria. 

Aside from these speculations, the evidence supports the work 
of Pinchot (2, 3) and Allfrey and Mirsky (4) implicating a poly- 
nucleotide moiety in oxidative phosphorylation, although to date 
we have failed to find restoration of RNase-uncoupled phos- 
phorylation with yeast RNA and polynucleotides extracted from 
corn mitochondria. However, specificity or failure to penetrate 
to the active sites may be involved here. The report of Allfrey 
and Mirsky (5) that various polyanions can substitute for DNA 
in phosphorylation by nuclei may be of use in future studies. 

It is odd that an enzyme should produce essentially the same 
effect on the mitochondria as a simple compound like 2, 4-dini- 
trophenol. If dinitrophenol uncouples phosphorylation by de- 
composition of an energy-rich intermediate (the ‘carrier ~ X”’ 
of Lehninger et al. (20)), RNase may destroy the same linkage by 
hydrolysis or by destruction of the carrier or X. However, since 
the ATPase of corn mitochondria is not affected by RNase, as 
one might expect if the carrier or X were destroyed, the mode of 
action of RNase might differ from that of dinitrophenol. The 
selective destruction of ATPase in corn mitochondria by trypsin 
might be of use in comparing the effects of the two uncoupling 
agents. Allfrey and Mirsky (5) have suggested that polynucleo- 
tides furnish negative sites for such a reaction as phosphoryla- 
tion. The effect of RNase on mitocondrial phosphorylation 
may be to reduce negative sites needed in binding the phos- 
phorylating enzymes. Dinitrophenol, on the other hand, may 
act directly on an energy rich intermediate. 


SUMMARY 


Incubation of corn, soybean, or rat liver mitochondria with 
pancreatic ribonuclease uncoupled phosphorylation and im- 
paired oxidation. This effect cannot be ascribed to proteolytic 
contaminants, because trypsin and chymotrypsin had the op- 
posite effect of increasing mitochondrial activity. In this case 
the increase seems to result from proteolytic removal of adsorbed 
protein. Incubation with ribonuclease increased the amount 
of mitochondria subsequently recovered, decreased the ribo- 
nucleic acid, and increased the amount of acid-soluble nucleotides. 
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A recent report of Gallagher et al. (1) that rat brain mito- 
chondria were capable of glycolyzing glucose to lactate, appeared 
to conflict with earlier reports (2, 3) that the glycolytic enzymes 
were almost exclusively confined to the soluble portion of the 
cell. Meanwhile, the observation that brain hexokinase was 
largely present in the mitochondrial pellet (4) suggested that 
brain mitochondria, unlike those of other tissues, were directly 
involved in glycolysis. In the present report, the distribution 
of the glycolytic enzymes among the various cytoplasmic frac- 
tions was found to be dependent on the manner in which the 
fractions are prepared. Oxidative phosphorylation of mito- 
chondrial fragments remaining after removal of the glycolytic 
enzymes has also been examined. 


EXPERIMENTAL 


Methods 


Preparation of soluble glycolytic enzymes from mitochondrial 
pellet (M,)—-The mitochondrial pellet from rat brain was pre- 
pared by a method described previously (5). After the mito- 
chondria had been washed once with 0.25 mM sucrose containing 
5 & 10-5 m EDTA! and centrifuged at 17,000 x g, they were 
thoroughly homogenized in 0.1 M Tris buffer, pH 9.0, containing 
9.05 per cent Aleonox.? For each gram of original brain, 15 ml. 
of the buffer were employed The brain mitochondrial suspen- 
sion was kept in an ice bath at 0° for 20 minutes and then centri- 
fuged at 100,000 xX g in the Spinco model L ultracentrifuge for 
25 minutes. The residue (Ro) was stored at 0°, while the super- 
natant (S:) was subjected to further treatment immediately 

S; was slowly added to 5 volumes of acetone previously cooled 
to —10° in a dry ice-acetone mixture. In order to avoid the 
formation of ice crystals, it was essential to swirl the acetone 
vigorously in an Erlenmeyer flask while adding the supernatant. 
The mixture was allowed to remain in the dry ice-acetone bath 
for 5 minutes, and then centrifuged at —10° for 15 minutes. 
After the residue was resuspended in 5 X 10-°' mM EDTA, it was 


* This research was supported by a contract with the Office of 
Naval Research, and by a grant from the Mental Health Fund, 
State of Illinois. 

1 The abbreviations used are: EDTA, ethylenediaminetetra- 
acetie acid; Tris, tris(hydroxymethyl)aminomethane; HDP, 
fructose 1,6-diphosphate. 

2 Aleonox is a detergent with the following composition: sodium 
dodecyl benzene sulfonate, 12 per cent; sodium carbonate, 20 per 
cent; water, 8 per cent; trisodium phosphates, remainder. It was 
obtained from Standard Scientific Supply Company, New York 3, 
New York. 


reprecipitated with acetone in the manner described. The 
residue was resuspended in a minimal volume of 5 x 10-5 m 
EDTA and lyophilized. The lyophilized material was des- 
ignated M,. When stored in a vacuum at —20°, it was stable 
for at least 1 week, although the experiments described herein 
were performed with material that was no more than 24 to 36 
hours old. M, was almost completely soluble in water, but 
usually when an excessive amount of insoluble material was 
present (probably Tris and Alconox), enzymatic activity was 
relatively low. The presence of such material was largely the 
result of prolonged exposure of the extract to the dry ice-acetone 
mixture. The residue, Ro, remaining after Aleonox treatment 
was homogenized in 1 per cent Triton* (5) containing 5 « 10-5 
M EDTA. As before, 15 ml. of the Triton solution were used 
per gm. of original brain. After the suspension was kept in an 
ice bath for 20 minutes, it was centrifuged, first at 1,000 x g 
for 10 minutes, to remove remaining nuclei and debris, and then 
at 70,000 x g for 25 minutes. The clear supernatant was 
discarded and the light fluffy material, which was distinctly 
separate from the tightly-packed residue beneath, was poured 
into another polyethylene centrifuge tube. Both the tightly 
packed material, P2, and the “fluff,” P:, were homogenized in 
5 X 10-5'm EDTA and sedimented at 100,000 x g for 20 minutes 
before use to remove the Triton. 

Mitochondria from other tissues were prepared after the 
method of Hogeboom et al. (6) except that the sucrose contained 
5 X 10-5'm EDTA. 

Enzymatic Assays—Oxidative phosphorylation deter- 
mined as described elsewhere (7). Hexokinase was determined 
by the method of Crane and Sols (4), phosphoglucoisomerase by 
the method of Slein (8), aldolase by the method of Taylor et al. 
(9), phosphoglyceraldehyde dehydrogenase by the method of Cori 
et al. (10), lactic dehydrogenase by the method of Kubowitz and 
Ott (11), DPN and TPN cytochrome ¢ reductase by the proce- 
dure of Haas et al. (12), and ATPase after the method of DuBois 
and Potter (13). Anaerobic lactate formation was determined 
in Warburg flasks which were gassed with a mixture of 95 per 
cent nitrogen and 5 per cent carbon dioxide. The standard 


incubation medium contained 0.008 mM potassium phosphate, 


pH 7.5, 5 K 10-4 m ATP, 0.008 Mm magnesium chloride, 10-4 m 
DPN, 0.02 m potassium bicarbonate, 0.008 mM nicotinamide, 0.01 
M glucose, and 0.5 mg. of yeast hexokinase. 


3 Triton WR 1339 is a nonionic dispersing agent: 


alkyl— 


It was obtained from the Rohm and Haas Company, Philadel- 
phia, Pennsylvania. 
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RESULTS 


Distribution of Glycolytic Actiwity among Particulate Fractions— 
Results on the glycolytic activity of the various cytoplasmic 
fractions of rat brain prepared in 0.25 m sucrose are presented 
in Table I. The particulate fractions R-4-15 and R-8-15 showed 
greater activity than the supernatant in the absence of hexo- 
kinase, whereas the reverse was true when hexokinase was 
present. Hexokinase raised the activity of the supernatant 7- 
fold and the particulate fraction approximately 50 per cent. 
With added hexokinase the glycolytic activity is equally distrib- 
uted between the particulate fractions and the supernatant. 

When the cytoplasmic fractions were prepared from 1 M 
sucrose, the distribution of activity depended upon the extent 
of homogenation (Table Il). In thoroughly homogenized prep- 
arations the glycolytic activity was distributed largely in R-100- 
20 and the supernatant; when the homogenation was less com- 
plete, the activity appeared in the fractions R-3-15 and R-20-15. 
In the case of the thoroughly homogenized preparation, R-56-20 
and R-100-20 were equally active in carrying on oxidative phos- 
phorylation, while the bulk of the particulate glycolytic activity 
was present in R-100-20. In the case of the incompletely homog- 
enized preparations, the activity was present in R-3-15, R-20-15, 
and the supernatant, with only a trace in R-100-20. 

In order to determine the glycolytic activity of the particulate 
fractions singly and in combination, a balance study similar to 
the experiments of LePage (14) was carried out. R,, obtained 
by the fractionation scheme described under Table III, contains 
whole cells, nuclei, and debris, and some mitochondria; R» con- 
tained either mitochondria or particles the size of mitochondria 
or both and was practically free from nuclei; R3, represents the 
lightest particles (microsomes). Combination of all of the 
fractions both in the presence and absence of HDP yielded activ- 
ity equivalent to the whole homogenate, Re and supernatant 
alone containing about 90 per cent of this activity. In the 


TABLE I 


Anaerobic glycolysis in various rat brain cytoplasmic fractions in 
presence and absence of yeast hexokinase 

Whole rat brains, excluding pons and medulla, were homoge- 
nized in 15 volumes of 0.25 mM sucrose containing 10-* Mm EDTA. 
Kach Warburg vessel contained the standard incubation medium 
for glycolysis, an amount of enzyme equivalent to 100 mg. of 
whole rat brain, and, where indicated, 0.5 mg. of yeast hexokinase. 
The results are an average of four separate experiments agreeing 
within 5 percent. The fractions are designated by R followed by 
two numbers, the first number referring to the centrifugal force 
in 1,000 & g and the second to the time of centrifugation in min- 
utes, e.g. R-1-10 is the residue obtained by centrifuging at 1,000 X 
g for 10 minutes. 


Total activity*® Total activity® 


Fraction (no hexokinase) (with hexokinase) 
% | % 
41 | 23 
Supernatant 7 43 


* Percentage given is in terms of total recovered activity (sum 
of the fractions) which was 19.4 wmoles of lactate per mg. of N 
in the absence of hexokinase and 52.5 wmoles of lactate per mg. of 
N in its presence. 
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TABLE II 


Comparison of anaerobic glycolysis and oxidative phosphorylation 
of cytoplasmic fractions of whole rat brain prepared in 1 mM sucrose 
by means of (A) thorough homogenation and (B) incomplete ho- 
mogenation 
Whole rat brain, excluding pons and medulla, was homogenized 

in 1 Msucrose containing 10-*m EDTA. Thorough homogenation 

was accomplished with the use of a tight fitting glass homogenizer 
and mechanical stirrer and homogenizing for 3 minutes. A loose 
fitting homogenizer and a 10-second homogenation provided the 

‘“incomplete’’ homogenized preparation. Equal amounts of frac- 

tions were used anaerobically and aerobically and the amount of 

material was 1 mg. of N per flask. 


Complete homogenation Incomplete homogenation 
(A) (B) 
Fraction* 2 Aerobic | 
| aP_ P:0 
a AO AP P:O 2 
pmoles atoms | umole pmoles patoms patoms 
1.2 1.2) 1.4) 1.1) 6.4 7.5 16.5, 2.2 
0.4 2.6) 3.0) 1.1 2.8) 10.5) 20.5 2.0 
1.2 | 10.5 21.0; 2.0 | 1.2 7.5 16.4) 2.2 
R-100-20........... 6.8 | 10.5) 21.5, 2.0 | 0.4); O 0 | 0 
Supernatant....... 9.6) 0 0 | 0 7.2) O 0 | 0 


* See Table I for meaning of designations. 


absence of HDP, none of the particulate fractions showed any 
lactate formation, and even the supernatant had low activity. 
Upon the addition of HDP, almost 60 per cent of the total glyco- 
lytic activity appeared to be present in 8, 27 per cent in Re, and 
93 per cent when R» and S were combined. It appears that the 
“mitochondrial” fraction, Re, and supernatant together are 
responsible for the total glycolytic activity of the homogenate; 
the contribution toward the glycolytic activity by the ‘‘nuclear”’ 
fraction, R;, is probably due to the presence of mitochondria and 
intact cells, rather than to the nuclei themselves. 

Microscopic Examination of Cytoplasmic Fraction—The cyto- 
plasmic fractions prepared by the various techniques were 
examined under the polarizing microscope and, after staining 
with Janus green B (1:20,000) or methylene blue (1 :50,000), 
under the ordinary light microscope. Both R-8-15 prepared in 
0.25 m sucrose (Table I) and R-100-20 prepared in 1 M sucrose 
(Table II) consisted almost exclusively of mitochondria or 
mitochondria-like granules with less than 2 per cent nuclei plus 
whole cells (microglia and oligodendroglia). The fractions 
R-3-15 and R-20-15 obtained from brain incompletely homog- 
enized in 1 mM sucrose (Table II) contained many intact cells in 
addition to nuclei. The heaviest fraction R-1-10, obtained by 
fractionation procedures after homogenation in 0.25 M sucrose 
(Table I) invariably contained some mitochondria. These mito- 
chondria could be extracted by resuspending this fraction in 0.25 
M sucrose and recentrifuging at low speed (1,000 x g) for 10 
minutes. In general, it appeared as if homogenization for at 
least 3 minutes resulted in virtually complete disintegration, 
and even where homogenation was not complete, neuronal cells 
and their processes appeared to be more readily disintegrated 
than the glial elements. 

Glycolytic Activity of Tris-Alconox Extract of Brain Mito- 
chondria—The requirements for anaerobic glycolysis of intact 
mitochondria and the mitochondrial extract M, are shown in 


| 
} 
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TABLE III 


Balance study on anaerobic glycolysis of various rat brain 
cellular fractions 


Preparation of the tissues was as follows. A rat brain was ho- 
mogenized in 20 ml. of 0.25 mM sucrose containing 10-* Mm EDTA. 
Ten ml. of this homogenate were centrifuged at 100,000 X g for 
20 minutes to obtain S. Ten ml. of the homogenate were centri- 
fuged at 600 X g for 10 minutes, the supernatant pipetted off, and 
recentrifuged at 1,500 X gfor 10 minutes. The two residues were 
taken up in 10 ml. of 0.25 mM sucrose, suspended uniformly by means 
of a homogenizer, and recentrifuged at 600 X g and 1,500 X g. 
The two residues were combined and called R;. The combined 
supernatants (20 ml. total volume) were centrifuged at 12,000 < 
g for 15 minutes and the particulate material obtained is called 
R». A final centrifugation at 100,000 * g vielded R;. All par- 
ticulate fractions were taken up in 3.3 ml. of water (equivalent to 
one-third the volume of the original homogenate). The particu- 
late fractions, 0.1 ml., 0.3 ml. of the supernatant, and 0.3 ml. of 
the homogenate were introduced into the Warburg flasks when 
indicated. Each Warburg flask thus contained an amount of en- 
zyme equivalent to 20 mg. of rat brain or one-fifth the enzyme 
concentration used in the experiment of Table I. The standard 
incubation medium was used, and the concentration of HDP was 
0.004 M. 


Total activity* 
Fraction 
No HDP With HDP 

% | % 
Homogenate.......... 100 | 100 
Ri + R2+Rs+S... 107 | 100 
_ 90 | 93 
R, +5 | 42 67 
R; +58 53 66 
R. + Rs; 11 27 
Ri + Rs | 2 17 
R, 3 28 
R,.. 0 11 
0 27 
R;.. 0 -4 
S. 31 59 


* The 100 per cent level of activity in terms of wzmoles of lactate 
was 10.9 in the absence of HDP and 11.8 in its presence. 


Table IV. In the absence of hexokinase the activity of M 
decreased 50 per cent, and all but vanished in M,. ATP and 
DPN were absolute requirements for both mitochondria and the 
extract while exogenous magnesium did not appear to influence 
either preparation. The omission of HDP or pyruvate did not 
appreciably alter the activity of M but was responsible for about 
a 50 per cent decrease in M,. 

M, was assayed for enzymes in the Embden-Meverhof glyco- 
lvtic scheme as well as a few others (Table V). Lactic dehydro- 
genase was the most active enzyme found. Aldolase, phospho- 
glyceraldehyde dehydrogenase, and enolase were all equally 
active, but considerably less active than the lactic dehydro- 
genase. Only a trace of hexokinase was present. Among other 
_ enzymes noted were DPN-cytochrome c reductase, TPN-cyto- 
chrome c reductase, and a small amount of ATPase. 

An absorption and difference spectrum in the presence of 
ascorbate or hydrosulfite was performed on M, (5). None of the 
components of the electron transport system could be detected 
although small amounts of two flavin enzymes, DPN and TPN 
cytochrome c reductases were enzymatically detectable. 


L. G. Abood, FE. Brunngraber, and M. Taylor 


IV 
Requirements for anaerobic glycolysis 


M represents mitochondria prepared in 0.25 mM sucrose; equiva- 
lent to 100 mg. wet weight of rat brain per flask. Concentration 
of HDP and pyruvate was 0.004 wm. Amount of M, per flask was 


equivalent to mitochondria from 150 mg. of whole brain. Incu- 
bation was for 30 minutes at 34°. 
| Lactate | AP | P: lactate 
| umoles | % change moles 

M | | | | 
Complete..........| 5.8 | 6 
No hexokinase... .. 2.8 | 0.5 
No pyruvate. ...... 5.0 | 1.0 

M, : | | 
Complete.......... | 6.6 7 | 1.1 
No hexokinase 97 0 
0 100 0 0 
No HDP.. 4.0 40 5 fea = 
No pyruvate... ... | 4 1.2 
| | 0.4 95 0.4 1.2 
| 6.4 5 7 1.1 

TABLE V 


Glycolytic and other enzymes solubilized from rat brain mitochondria 


The enzymes were extracted with Aleonox-Tris and then pre- 
cipitated with acetone as described in text. Results are an aver- 
age of three separate experiments agreeing within 8 per cent. 


Enzyme Activity 


product, hr./mg. protein 


Trace 
S umoles fructose-6-P 
3 umoles HDP 


Phosphoglucoisomerase 
Phosphofructokinase . 


20 umoles triose-P 
Phosphoglyceraldehyde dehy- 

drogenase.......... 1S umoles DPNH 


ruvate 
100 umoles DPN 
6 wmoles ferrocytochrome ¢ 
4 umoles ferrocytochrome c¢ 
4 umoles P 


Lactic dehydrogenase 
DPN-cvtochrome reductase. 
TPN-cyvtochrome reductase 


..... 


Glycolytte Activity in Mitochondria from Other Rat Organs— 
Mitochondria from a number of other rat tissues were examined 
for glycolytic and phosphorylative activity under anaerobic and 
aerobic conditions (Table VI). The formation of lactate oe- 
curred only to a very slight extent in all types of mitochondria 
other than brain. 

Oxidative Phosphorylation in Mitochondrial Residue P. and 
Fluff P, Obtained by Alconox-Tris Treatment of Brain Mito- 
chondria—Oxidative phosphorylation was studied in the insolu- 
ble particulate fractions, P; and P:., obtained from Alconox- 
Tris treatment of brain mitochondria (Table VII). Several 
substrates examined were oxidized by both particulate mito- 
chondrial fragments with concomitant phosphorylation, except 
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TaBLe VI 


Glycolysis and phosphorylation in mitochondria of various 
rat tissues under anaerobic and aerobic conditions 
Oxidative phosphorylation was determined as described in (5) 
with pyruvate plus malate as substrate. Brain mitochondria 
were prepared and oxidative phosphorylation measured as de- 
scribed in (7), and mitochondria from other tissues as described 
in (6). 


| so | AP 

Tissue | P:O 

Aerobic | | Aerobic | Aerobic | Anaer- 

_pmoles  pmoles atoms | pwmoles | pmoles 
19 10 24 10 2.4 
A + 20 1 2.1 
2 10 20 0 2.0 

TaBLeE VII 


Oxidative phosphorylation of rat brain submitochondrial 
fractions P, and P» 


Oxidative phosphorylation was determined as described in (5). 
The substrate concentration was 0.02mM. An amount of P; equiv- 
alent to 300 mg. of whole rat brain and P2 equivalent to 150 mg. 
of whole rat brain was added to the Warburg flasks where indi- 
cated. The amount of M, used was equivalent to 200 mg. of whole 
rat brain tissue. The incubation period was 20 minutes at 34°. 


Fraction | Substrates | AO AP P:O 

| | patoms | pmoles 

P, (fluff) Pyruvate and malate 3.5 6.8 | 2.0 
_a-Ketoglutarate | 4.4 9.5 | 2.2 
| Succinate | 4.3 6.3 1.5 
| Glutamate ee 0 0 
Glutamate + M, | 6.0 | 11.5 | 1.9 
| 

(residue) Pyruvate and malate 6.3 | | 2.0 
a-Ketoglutarate | 1 82.86 3.7 
Succinate | 9.2 1.5 
Glutamate 12.4 | 2.0 
Succinate and pyruvate | 11.9 | 13.0 | 1.1 
| No Triton* 0.5 | 0.3 


* Pellet washed in 0.25 mM sucrose instead of 1 per cent Triton 
solution. 


that P; required the addition of M, in order to oxidize glutamate. 
Both fragments had a P:O ratio of 2.0 with pyruvate or gluta- 
mate and 1.5 with succinate. The highest P:O ratios were 
obtained with a-ketoglutarate. When both pyruvate and 
succinate were present as substrates, the oxygen uptake was 
close to the sum of each one incubated separately; however, the 
P:O ratio was less than the ratio obtained with either substrate 
alone. Unless the mitochondrial fragments were washed with 
Triton after the Alconox treatment, they were almost completely 
inactive (Table VII). Repeated washing in only sucrose or water 
would not restore this activity. Triton appeared to reactivate 
the fragments in addition to washing out the residual Alconox. 


DISCUSSION 


The present study confirms the presence of the enzymes of the 
Embden-Meyerhof glycolytic pathway in brain mitochondria 
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which are consequently able to completely degrade glucose to 
carbon dioxide and water. In this respect brain mitochondria 
differ from those of heart, liver, and kidney, where glycolysis 
is virtually absent. Although 25 to 50 per cent of the glyco- 
lytic activity of the whole homogenate may be present in the 
particulate fraction, the results of balance studies indicate that 
the mitochondria and supernatant together contain over 90 
per cent of the glycolytic activity of the whole homogenate. 
While the occurrence of glycolytic activity may be an artifact 
resulting from the mechanical disintegration of the cell and 
subsequent fractionation, the fact remains that the glycolytic 
activity of the mitochondria is not abolished by repeated wash- 
ings in sucrose, although this procedure will cause a diminution 
of activity. Exposure of the mitochondria to water will release 
soluble protein capable of glycolyzing; however, the activity is 
considerably lower than the extract obtained with the Tris- 
Alconox procedure. From preliminary observations it appears 
that some of the enzymes concerned with glycolysis are held 
on tighter than others; and as the treatment becomes more 
drastic, more of the enzymes are removed. The fact that mito- 
chondrial glycolysis but not oxidative phosphorylation requires 
exogenous DPN would, perhaps, support the view that the glyco- 
lytic enzymes are bound to the surface of the mitochondrial 
membrane, since mitochondria are believed to be impermeable to 
DPN. 

The possibility that the glycolytic enzymes are present in 
cytoplasmic fractions other than mitochondria or in intact cells 
or fragments must be considered. Insofar as the amount of 
deoxyribonucleic acid in the mitochondrial residues is small (3), 
the presence of nucleic or intact cells is negligible; furthermore, 
light and electron microscopy excludes the presence of these 
structures. It is apparent from the present study that although 
the most actively oxidizing pellet contains all of the particulate 
glycolytic activity, not all of the mitochondrial pellets will 
glycolyze. Whether this difference is indicative of a distinction 
in actual mitochondrial types or is an artifact resulting from 
fractionation procedures is undetermined. There are many 
different cell types in the brain; and it is conceivable that the 
mitochondria of the neuron would differ enzymatically from 
those of neuroglial origin. 

Of especial interest in this study is the fact that the drastic 
treatment represented by the use of high pH and a powerful 
detergent will yield mitochondrial fragments capable of oxidative 
phosphorylation with P:O ratios approaching 2.0. Although 
the mitochondria are stripped of as much as 40 per cent of their 
original protein content, no release of cytochrome or flavin is 
observed. It would appear that the complete system responsible 
for oxidative phosphorylation is found exclusively in the highly 
organized particulate or vesicular components of the mito- 
chondria. Klectron microscopy discloses the presence in P» of 
flattened envelope structures which are reminiscent of the 
“ghosts” of hemolyzed erythrocytes. The ‘fluffy’? material, 
consists mainly of small spherical granules varying in size from 
10-100 mp and comparable to those seen in the “fluff” from 
Triton-treated mitochondria (5). The relationship between P, 
and P, is unknown Repeated Alconox or Triton treatment of 
P, will not yield additional P;. One striking difference between 
the two pellets is the fact that P»2 is capable of oxidizing glutamic 
acid, whereas P; cannot in the absence of the soluble protein 
released from the mitochondria. There appear after sedimenta- 
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tion to be at least two distinct types of mitochondria from brain, 
one present in the white top layer and the other in the lower 
brownish-gray layer. The most active glycolytic, as well as 
phosphorylative pellet, occurs in R2 which is comprised largely 
of the brownish material. Since P; and P2 are obtainable from 
either the white or brown layers, the pellets may not be originat- 
ing from different mitochondrial types. It should be pointed 
out that the white and brown materials result from either gray 
or white brain matter. Studies are underway to ascertain both 
the origin and nature of different mitochondrial types in rat 
brain. 


L. G. Abood, E. Brunngraber, and M. Taylor 


SUMMARY 


The presence of enzymes of the Embden-Meyerhof glycolytic 
scheme has been confirmed in rat brain mitochondria after 
extraction with a detergent Alconox at pH 9.0 and assaying the 
enzymes individually. The distribution of glycolytic enzymes 
among the various cytoplasmic components is dependent on the 
manner in which the fractions were prepared. It appears as if 
some, but not all, of the glycolytic enzymes are loosely bound 
to mitochondria, while the enzymes involved in oxidative phos- 
phorylation are exclusively a part of the remaining insoluble 


fragments. 
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In previous reports Nason et al. (1-3) have demonstrated that 
the activity of preparations of reduced diphosphopyridine nucleo- 
tide cytochrome c reductase extracted with 2,2,4-trimethylpen- 
tane (isooctane) was restored by addition of a-tocopherol or a 
number of othercompounds. Stotz et al. (4), Marinetti et al. (5), 
and Deu! et al. (6) have reported studies similar to those of 
Nason. In other experiments on the role of lipides in electron 
transport Crane et al. (7) isolated a quinone (Qoe7s) from prepara- 
tions of beef heart succinic oxidase. Approximately 20 per cent 
of the Q»;; was removed from preparations of succinic oxidase 
by isooctane extraction. After extraction the enzymatic activ- 
itv was restored by incubation with Qov:s. 

The results of studies of isooctane treatment of highly purified 
beef heart DPNH oxidase will be presented in this communica- 
tion. The mechanisms whereby the treated preparations are re- 
activated will be discussed. 


EXPERIMENTAL 


DPNH oxidase was prepared in its ‘‘closed’” form as described 
by Mackler and Green (8). The most active preparations cata- 
lyzed the oxidation of 4 to 6 umoles of DPNH per mg. of enzyme 
protein per minute. Protein was determined as described pre- 
viously (9). DPNH oxidase, DPNH cytochrome c reductase, 
and ferrocytochrome c oxidase activities were determined spec- 
trophotometrically as described previously (8). DPNH oxidase 
was “opened” with deoxycholate as described by Mackler and 
Green (5S). 

(».; and the phospholipides (lecithin fraction) used for reacti- 
vation studies were prepared from DPNH oxidase by Hanahan 
and associates.2,~ DPNH and cytochrome ¢c were obtained from 


* Supported in part by Grants H-3520, H-2217, and RG-5519 
from the National Institutes of Health, and by a grant from the 
Initiative 171 Fund, State of Washington. 

t Postdoctorate Research Fellow of the National Heart In- 
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1 DPNH oxidase can exist in at least two forms which differ in 
the following respects. The closed form has an uninterrupted 
electron transfer chain from substrate to oxygen whereas the open 
form has aninterruptedchain. Added cytochromec is not required 
for the interaction of the closed form with oxygen but is essential 
for the interaction of the open form. Furthermore, the open but 
not the closed form can catalyze the reduction of cytochrome c by 
substrate and the oxidation of reduced cytochrome c by molecular 
oxygen. Deoxycholate can convert the closed form to the open 
form. 


? To be published. 
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the Sigma Chemical Company. Isooctane was obtained from 
Eastman Organic Chemicals and DL-a-tocopherol from the Cali- 
fornia Foundation for Biochemical Research. Yeast lecithin 
was extracted from yeast as previously described (10). Tweens 
20 and 40 were obtained from the Atlas Powder Company and 
tris(hydroxymethyl)aminoethane from the Sigma Chemical Com- 
pany. 

Isooctane-treated enzyme was prepared by shaking prepara- 
tions of DPNH oxidase with 10 volumes of isooctane for 12 hours 
at 4°. All subsequent procedures were carried out at 0°. The 
suspension was centrifuged at 500 x g for 5 minutes and the 
isooctane removed. The enzyme preparation was suspended in 
20 volumes of 5 per cent sucrose and centrifuged at 140,000 x g 
for 20 minutes in the Spinco preparatory ultracentrifuge. The 
sedimented enzyme was washed three times with sucrose as de- 
scribed above and the final pellet suspended in 5 per cent sucrose 
to the original volume of enzyme before isooctane extraction. 
Two of the preparations were washed and suspended in 0.1 m 
ammonium succinate, pH 7.0, instead of 5 per cent sucrose. 

In the reactivation studies the lecithin fraction and Qo7; ex- 
tracted from DPNH oxidase, or tocopherol was placed in a glass 
tube and the solvent (chloroform) was evaporated. For maximal 
reactivation 0.6 mg. of lecithin, 0.38 mg. of Qozs, or 2.0 mg. of 
a-tocopherol were used per mg. of enzyme protein. The material 
was suspended in 0.1 ml. of 0.02 m phosphate buffer, pH 7.5; 0.5 
ml. of treated enzyme (12 mg. protein per ml.) was added and 
the mixture was incubated for 1 to 4 hours at 0°. To final en- 
zyme dilutions of 1:5, 1:10, and 1:20, 0.02 m phosphate buffer, 
pH 7.5, was added and enzymatic activities were determined. 
In some experiments 5 per cent sucrose, 0.02 M ammonium suc- 
cinate, pH 7.5, or 0.02 m tris(hydroxymethyl)aminomethane, pH 
7.5, was used instead of the phosphate buffer with no difference 
in results. 


RESULTS 


Table I shows the enzymatic activities of the preparations of 
DPNH oxidase in the “closed”’ state, the “opened” state (after 
treatment with deoxycholate (8)), and after treatment with iso- 
octane (resuspended as 1:5 dilutions of enzyme in 0.02 m phos- 
phate buffer pH 7.5). As previously reported by Mackler and 
Green (8) the “closed” preparations have very low DPNH cyto- 
chrome c reductase activity. Upon “opening,” this activity in- 
creases approximately 20-fold. After treatment of the prepara- 
tions with isooctane the enzymatic activities were reduced to low 
levels. The DPNH cytochrome c reductase activity of the 
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TABLE I 
Activities of DPNH oxidase before and after isooctane extraction 


Before extraction | After extraction (1:5 dilution)* 
| : 
Enzyme preparation DPNH oxidase activity DPNH cytochrome c reductase Cytochrome c 
| oxidase activity oxidase ~DPNH cytochrome Cytochrome ¢ 
activity ¢ reductase activity oxidase activity 
Closed Opened Closed Opened Opened | | 
pmoles DPNH/mg. protein/min. | pmoles DPNH. mg. protein min. | 
1 3.2 0 0.1 | 1.8 0.2 | 0.2 | 
2 3.2 0 0.1 | 1.8 0.2 | 0.1 | 
3 3.2 0 0.1 | 1.8 | 0.1 0.04 | 
4 3.2 0 0.1 | 1.8 0.1 0.04 : 
5 0 0.1 | 4.8 0.03 0.7 
* The extracted enzyme used was at 1:5 dilution without added activating agents. (See text) 
II 


treated enzymes fell to levels approximately 5 per cent of the 
activity of untreated ‘“‘open” preparations. The levels of activ- 
itv of treated enzyme should be compared to those of “open” 
enzyme since the “closed” form has only a very low DPNH 
cytochrome c reductase activity. 

Table II shows the effects of incubation of lecithin and Q2;; or 
a-tocopherol with the isooctane-treated enzyme and the effect 
of dilution of the treated enzyme on DPNH cytochrome c reduc- 
tase activity. In all examples shown in Table II, dilution alone 
produced maximal reactivation of the treated enzyme. DPNH 
oxidase which has not been treated with isooctane does not in- 
crease in specific activity with dilution. Incubation with a-to- 
copherol, Qe7s, and phospholipides (lecithin fractions prepared 
from DPNH oxidase) maximally reactivated the cytochrome 
reductase activity of the preparations at 1:5 dilutions in three 
of the six examples. Combinations of Qos, a-tocopherol, and 
phospholipides plus dilution did not restore activity to a higher 
level than did dilution alone. The percentage of original cyto- 
chrome reductase activity restored ranged from 25 to 50 per 
cent for the six preparations. Results of work by other investi- 
gators (1, 4, 6) show higher percentages of restoration of activ- 
itv. The higher values are misleading, because the enzyme prep- 
arations tested for activity before isooctane treatment were not 
“opened” and therefore may have given values of activity con- 
siderably lower than would have been observed after “opening.” 
This is readily apparent from inspection of the data in Table I. 

Other compounds tested which were effective in restoring maxi- 
mal cytochrome c reductase activity were lecithin (extracted 
from DPNH oxidase) alone at levels of 1.5 mg. per mg. of en- 
zyme protein, Qos alone at levels of 1.0 mg. per mg. of enzyme 
protein, unsaturated yeast lecithin (1 mg. per mg. of protein) 
and 1,2-diglyceride (1.5 mg. per mg. of protein) prepared from 
veast lecithin. Mixed neutral lipide fractions (2.5 mg. per mg. 
of protein) from DPNH oxidase, saturated veast lecithin (1.5 
mg. per mg. of protein), deoxycholate (0.1 to 1.0 mg. per mg. of 
protein), choline (1 mg. per mg. of protein), Tweens 20 and 40 
(0.1 to 2.0 mg. per mg. of protein), and cytochrome c¢ (1.5 mg. 
per mg. of protein) did not stimulate the treated preparations. 
Recently Redfearn and Pumphrey (11) have shown that Tween 
SO reactivates isooctane extracted succinate cytochrome ¢ reduc- 
tase, 

The cytochrome oxidase activities of the isooctane-treated en- 


Effects of dilution and incubation with lipides plus dilution on 
activity of isooctane-extracted enzyme 


DPNH cytochrome ¢ reductase activity ( umoles DPNH mg. 
protein/min.) of extracted enzyme at different dilutions 


Incubated with Incubated with phos- 


Preparation Dilution alone DL-a-tocopherol then pholipide* and Qrs 
ilute then diluted 

1:5 | 1:10 | 1:20 | 2:3 | 2:10 | 1:20! 1:3 1:10 | 1:20 

1 (0.02 0.2 0.3 0.3 0.4 0.3 02 03 03 

2 0.1 0.6 | 0.6 | «(0.6 

3 0.03 0.1) 0.9 0.3 0.8 0.2 0.5 

4 | 0.03 0.2 0.3 0.1 O.4 0.4 O.1 O.4 O.4 

5 (0.01 0.1 0.3 0.04 0.2 0.4 0.1 02 

6 (0.2/0.5 0.5 0.4 0.6 0.6 


| 


* Lecithin fraction from DPNH onidase. 


Taste IIl 


Effect of reconcentrating tsooctane-exztracted DPNH oxidase 
on cytochrome ¢ reductase activity 


Cytochrome ¢ reductase activity 


Dilution of extracted enzyme Preparation 


2 3 


pmoles DPNH mg. protein min. 


Before centrifugation 


1:5 dilution 0 O4 0.02 0.02 
1:20 dilution... 0.5 0.7 
After centrifugation 
1:5 dilution —. 0.05 0.06 0.07 
0.4 0.5 


1:20 dilution. 


O.4 


zymes was not increased by dilution or by incubation with the 
various agents which reactivate cytochrome reductase activity. 

Table III shows the effects of repeated dilution and reconcen- 
tration on the cytochrome reductase activity of isooctane-treated 
enzyme preparations. As shown in the table, the reactivated 
preparations lost activity when they were centrifuged and re- 
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TABLE IV 


Effect of aging extracted enzyme on ability of dilution and activating 
agents to restore cytochrome c reductase activity 


Days after isooctane extraction* 
Activating agent 
1 2 5 8 12 16 
Preparation 1 
Dilution alone.............. 0.2t} 0.2 | 0.04) 0 0 
Incubation with a-tocoph- 
erol + dilution........... 0.3 | 0.3 | 0.15] 0.15) 0 
Incubation with Qos + 
phospholipidef + dilu- 
0.3 | 0.3 | 0.15) 0.16) 0 
Preparation 2 
Dilution alone.............. 0.3 | 0.25) 0.25) 0.04) 0.01) 0 
Incubation with a-tocoph- 
erol + dilution........... 0.35) 0.3 | 0.3 | 0.25) 0.25) 0 
Incubation with Qos + 
phospholipide + dilution. .| 0.3 | 0.3 | 0.25) 0.25) 0.2 | 0 


* Stored at 0°. 

t All activities are in zmoles of DPNH oxidized per mg. of pro- 
tein per minute. 

t Lecithin fraction from DPNH oxidase. 


concentrated. Upon further dilution the preparations again re- 
gained activity. 

Table IV shows the effects of aging the isooctane-treated 
preparations on the ability of dilution, or activating agents and 
dilution to restore cytochrome reductase activity. It is appar- 
ent that dilution alone is less effective in restoring cytochrome 
reductase activity than the combination of activating agent plus 
dilution as the treated preparations age at 0°. Two preparations 
that had been inactivated by a 2-hour isooctane treatment be- 
came reactivated without addition of activating agents or dilu- 
tion after storage for 48 hours at 0°. 

Antimycin A (1 pg./6 wg. of enzyme protein) inhibited the 
DPNH cytochrome c reductase activity of maximally reactivated 
isooctane-treated enzyme by 80 to 90 per cent whether reacti- 
vated by dilution or activating agents and dilution. Amytal 
(4 mM) inhibited the maximally reactivated enzyme 100 per 
cent. 

Examination of the isooctane extracts of the DPNH oxidase 
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preparations showed that approximately 18 per cent of the Q.,; 
present in the preparations was removed. This is in agreement 
with results reported by other investigators (3, 4,7). No phos- 
pholipides were found in the isooctane extracts. 


DISCUSSION 


It has been demonstrated that dilution alone produces maxi- 
mal restoration of DPNH cytochrome c reductase activity of 
isooctane-treated preparations of DPNH oxidase. Incubation 
with phospholipides (lecithin fraction from DPNH oxidase), Q.;; 
or a-tocopherol does not increase the degree of reactivation. 
However, the treated preparations are reactivated at higher con- 
centrations of enzyme when incubated with the lipide agents. 
The results suggest strongly that isooctane treatment produces 
physical changes in the enzyme preparations which are reversed 
by dilution effects or by certain types of surface active agents 
such as a-tocopherol, lecithin, and 1 ,2-diglyceride (yeast). 
It would certainly appear that isooctane did not remove a com- 
ponent from the enzyme which was necessary for restoration of 
enzymatic catalysis. The suggestion that isooctane produced 
partially reversible physical changes in the enzyme preparations 
is further supported by the finding that reactivated enzyme can 
be deactivated by reconcentration and again activated by dilu- 
tion alone. In some instances aging at 0° is sufficient to reacti- 
vate the isooctane-treated enzyme. 


SUMMARY 


Preparations of highly purified reduced diphosphopyridine 
nucleotide (DPNH) oxidase prepared from beef heart mitochon- 
dria were treated with isooctane with a resultant loss of over 90 
per cent of the DPNH cytochrome c reductase activity. The 
cytochrome reductase activity of the preparations was 25 to 50 
per cent restored by dilution of the preparations in 0.02 m phos- 
phate at pH 7.5 or a number of other diluents. Incubation of 
the enzyme preparation with a-tocopherol, Qss, phospholipides, 
or combinations of the agents did not increase the percentage of 
restored activity but did permit reactivation at higher concen- 
trations of enzyme than did dilution alone. 
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Oxidation-reduction reactions in chloroplasts were first ob- 
served when Hill (1) discovered photolysis by isolated chloro- 
plasts. In the Hill reaction electron transport proceeds from 
water to the artificial oxidant which can be any one of a number 
of compounds (2-4). 

A cyclic series of oxidation-reduction reactions is postulated 
as the basis for photosynthetic phosphorylation by spinach chlo- 
roplasts (5). In phosphorylation water is presumably cleaved 
and then regenerated. In order for the regeneration of water to 
occur an oxidation-reduction cofactor must be added in catalytic 
amounts, and again a large variety of compounds will function 
6, 7). 3 
Pe primary question is whether the Hill reaction and cyclic 
phosphorylation share all or most of the same electron transport 
pathways in chloroplasts, or whether there is a different set of 
intermediate carriers for the two over-all reactions. The similar 
action spectra for the two reactions (8, 9) and the existence of 
phosphorylation during the Hill reaction (10) argue for a basic 
similarity. Further evidence is obtained from experiments with 
mixtures of Hill oxidants and catalytic cofactors, to be reported 


in this paper. 
EXPERIMENTAL 


Spinach was purchased from local groceries; chloroplasts were 
prepared as described previously (7) and either washed once or 
not at all. Phosphorylation reactions were performed with a 1.5 
ml. reaction mixture in Erlenmeyer flasks under nitrogen, at 15°, 
and at approximately 4000 foot candles. No “extractable fac- 
tor” (11) was used in the experiments reported here. The stim- 
ulation due to this cofactor has never amounted to more than 
40 per cent in the present system while often it has been absent. 
In the interest of simplicity, therefore, the “extractable factor” 
was omitted. The reaction mixture contained 25 to 40 ug. of 
chlorophyll, and 2.5 wmoles each of ADP and phosphate. Other 
reagents were in the proportions previously used (7). 

Disappearance of inorganic phosphate was measured by the 
method of Taussky and Shorr (12) unless ferricyanide was pres- 
ent in the reaction mixture. To avoid the interference due to 
ferricyanide, a slightly modified Berenblum and Chain procedure 
(13) was used. The modification consisted of decreasing the 
amounts of all components so that the final volume of blue phos- 
phomolybdate complex was 5.0 ml. Optical density was meas- 


* Contribution No. 254 from the MeCollum-Pratt Institute. 

{ Supported in part by Grant RG 3923 from the Research 
Grants Division, National Institutes of Health. 

t Present address, Biochemistry Section, Weizmann Institute 
of Science, Rehovoth, Israel. 


ured at 740 my in a spectrophotometer. The reduction of ferri- 
cyanide was measured by the loss of absorption at 420 my in a 
separate aliquot of the denatured reaction mixture. TPN reduc- 
tion was estimated from the increase of absorption of 340 mu. 
When phosphate uptake was measured associated with TPN 
reduction, the phosphate concentration was lowered to either 
0.75 or 1.0 umole per flask. 

In experiments where TPN or ferricyanide was reduced at the 
same time that phosphate uptake occurred, it was possible to 
obtain a P/2e ratio. This will be defined as the umoles of in- 
organic phosphate esterified per 2 & microequivalents of oxidant 
reduced. 

If the time course of a reaction were to be studied, the reaction 
volume was larger than usual (6.0 or 9.0 ml.), with all reactants 
present in the usual proportions. The reaction mixture was 
flushed with nitrogen gas continuously while the light was on. 
At the intervals shown 0.5 ml. aliquots were removed from the 
mixture by means of a syringe and a long, thin needle inserted 
through the gas outlet tube. 

Photosynthetic pyridine nucleotide reductase (14) was a 35- 
fold purified preparation very kindly supplied by Dr. A. San 
Pietro. The amount used was sufficient to catalyze the reduction 
of a large excess of TPN, under our reaction conditions. 


RESULTS AND DISCUSSION 


Phosphorylation Accompanying Net Reduction of TPN or Fer- 
ricyanide—The uptake of phosphate accompanying reduction of 
TPN is shown in Table I. This confirms the findings of the 
Berkley group (8). In the two experiments shown the P/2e 
ratios are 0.71 and 0.87. In our experience this ratio has varied 
between 0.3 and 0.9, evidently approaching a limit of 1.0. 

Fig. 1 shows a time course experiment, in which 15 ymoles of 
phosphate, ADP, and ferricyanide were present in the reaction 
mixture. It can be seen that the reduction of ferricyanide was 
complete by 15 minutes. Phosphate uptake also stopped at 
the end of 15 minutes, even though only 50 per cent of the phos- 
phate present had been esterified. This shows that ferricyanide 
is quite incapable of acting as a catalytic cofactor; that although 
ferricyanide can be reduced, ferrocyanide cannot be reoxidized 
by the chloroplasts in light. The P/2e ratio is very close to 1.0 
throughout the reaction. 

The reduction of TPN and its accompanying phosphorylation 
require a distinct enzyme, called photosynthetic pyridine nucleo- 
tide reductase (14, 15). Table II shows, in confirmation of the 
findings of Arnon et al. (10), that ferricyanide reduction is inde- 
pendent of the enzyme, even after the chloroplasts have been 
washed a number of times. Although there is some loss in fer- 
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TABLE I 


TPN reduction accompanied by phosphate esterification 
Experiment 1: 200 wg. of chlorophyll, total volume 3.0 ml. 
Experiment 2: 125 ug. of chlorophyll, total volume 3.0 ml. 1 
umole of phosphate, 1 wmole of TPN, 40 wmoles of Tris, pH 7.8, 
70 wmoles of NaCl, 10 uzmoles of MgCl:, 5.0 umoles of ADP, pH 
7.8, per flask. 


Interactions of Catalytic Cofactors 


Phosphat TPN 
reduced P/2e 
pmoles/meg. pmoles/mg. 
chlorophyli/hr. | chlorophyll/hr. 
Experiment 1........... 13.5 15.6 0.87 
Experiment 2........... 16.5 23.0 0.71 
15 15 


FERRIC YANIDE 
REDUCTION 


(Nd84) SJIOWN 


= 

PHOSPHATE 

5 ESTERIFICATION 45 

Mm 

© 


LL MOLES PHOSPHATE ESTERIFIED 


2 5 10 15 20 25 
TIME-MIN. 

Fic. 1. Time course of phosphate esterification associated with 
ferricyanide reduction. Reaction mixture contained 300 ug. of 
chlorophyll, 120 wmoles of Tris, 210 wzmoles of NaCl, 15 wmoles of 
phosphate, 24 wmoles of ADP, 15 umoles of potassium ferricyanide, 
and 30 wmoles of magnesium. Total volume was 9.0 ml. Notice 
that phosphate uptake stops at 50 per cent of the possible total 
amount, and the P/2e ratio is approximately 1.0. 


ricyanide-reducing activity due to washing, adding back the 
reductase, TPN, and TPNH diaphorase (17) restored none of 
the lost activity. 

Cyclic phosphorylation with riboflavin phosphate as the co- 
factor is similarly independent of added reductase, TPN, and 
TPNH diaphorase, either before or after washing (Table III). 

Relationship of Hill Reaction Oxidants to Cyclic Phosphoryla- 
tion—Phosphate uptake accompanies the reduction of ferricy- 
anide but not the reduction of 2,3,6-trichlorophenolindophenol 
dye, in our experience. The interactions between these two Hill 
oxidants and cyclic phosphorylation mediated by phenazine 
methosulfate were studied in mixture experiments. 

Fig. 2 shows the time course of phosphate uptake in a reaction 
mixture containing both phenazine methosulfate and the indo- 
phenol dye. The reaction is characterized by a lag period whose 
length depends directly on the amount of indophenol added (com- 
pare the various curves of Fig. 2). 

During the course of these reactions any indophenol present 
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is being reduced. By measuring residual optical density at 620 
my in each aliquot of the time course before measuring phosphate, 
it could be seen that the lag ended only when the dye was almost 


TABLE II 


Relation of TPN or ferricyanide reduction and phosphorylation to 
photosynthetic pyridine nucleotide reductase 


TPN Ferricyanide 
Chloroplasts Phos Pho 

Re- 1. , Re- 

duction* | Phoryl- | duction* | Phory!- 
Unwashed plus PPNRf.......... 17.9 6.4 192 83 
5 times washed.................. 2.5 1.5 132 61 
5 times washed plus PPNR...... 12.1 6.1 113 50 


* All values expressed as wmoles per-mg. of chlorophyll per 
hour. Reaction time, 10 minutes. For TPN reduction, 1 umole 
of TPN, 0.75 umole of phosphate, 1.0 wymole of ADP per 1.5 ml. 
total volume. 178 ug. of chlorophyll of unwashed chloroplasts or 
198 wg. of washed chloroplasts per flask. For ferricyanide reduc- 
tion, 5umoles of ferricyanide, 2.5 umoles of phosphate, 4.0 wmoles 
of ADP per 1.5 ml. reaction volume. 135 ug. of chlorophyll of 
unwashed chloroplasts, or 132 ug. of chlorophyll of washed chloro- 
plasts, per flask. 

t PPNR refers to photosynthetic pyridine nucleotide reductase, 
35-fold purified preparation. To the washed chloroplasts with 
ferricyanide, TPN and TPNH diaphorase were added with the 
PPNR. 


TaBLeE III 


Independence of cyclic phosphorylation with riboflavin phosphate 
from photosynthetic pyridine nucleotide reductase 

All values shown are in umoles/mg. of chlorophyll/hour. The 
reaction time was 5 minutes, and each flask contained 0.100 mg. 
of chlorophyll in the chloroplasts added. The reaction mixture 
contained 10 wmoles of ascorbate, which was found recently by 
San Pietro and Giovanelli (personal communication) to act as a 
protective agent for the reductase. Total volume was 3.0 ml. 
The higher specific activities seen in this table for TPN reduction 
can be ascribed in part to the lower concentration of chloroplasts, 
and in part to the presence of ascorbate. 

Reaction mixtures contained 10 uwmoles each of phosphate and 
ADP, and 5 X 10‘ c.p.m. of P®. ATP formation was measured 
by adsorption of ATP on charcoal, then subsequent hydrolysis of 
the radioactive phosphate with 1.0 n HCl (16). 


Plastids 
Plastid 
Cofactor or oxidant Additions a = 
2/283) 2 
TPN, 1.5 umole..... 0; 11] O| 6 
PPNR* 125} 91 | 97 | 61 
Riboflavin phos- 
phate, 0.2umole... 122 80 
TPN, 0.2 umole ; 120 72 
TPN + PPNR 127 88 
TPN + PPNR + 
TPNH diaphorase 122 78 


* Photosynthetic pyridine nucleotide reductase. 
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Fic. 2. The effect of increasing amounts of indophenol dye on 
cyclic phosphorylation with phenazine methosulfate as cofactor. 
Final concentrations of dye shown on the graph. Reaction mix- 
ture contained 200 ug. of chlorophyll; concentrations of phosphate, 
ADP, magnesium, Tris buffer, sodium chloride as in Table I; and 
phenazine methosulfate 0.2 umole in a total volume of 6.0 ml. 


completely reduced. No matter what the original concentration 
of dve added, the lag ended when the concentration of oxidized 
dye reached approximately 5 K 10-°m. We can conclude that 
the oxidized form of the dye inhibits cyclic phosphorylation com- 
pletely at concentrations only slightly higher than 5 x 10-° M. 

The reduced dye is an inhibitor, although it is not nearly so 
effective as the oxidized dye. In other experiments (not shown) 
in which indophenol dye was added together with an excess of 
ascorbate to keep it completely reduced, 50 per cent inhibition 
occurred at 1.8 10-4 Mm and 100 per cent inhibition at 9 « 10-4 
mM. No lag period was seen with the reduced dye. 

One possible interpretation of the striking inhibition by oxi- 
dized indophenol dye is that it drains electrons from the chain 
at a rapid rate, thus preventing their passage to phenazine metho- 
sulfate. Although superficially attractive, this interpretation can 
be ruled out by experiments with CMU.! CMU is an inhibitor 
of the Hill reaction (18) but not of phenazine methosulfate me- 
diated phosphorylation (19). One might therefore expect the 
addition of CMU to a mixture as in Fig. 2 to inhibit dye reduc- 
tion by the Hill reaction, have no effect on electron flow to phen- 
azine methosulfate, and thereby relieve the inhibition of phos- 
phate uptake caused by indophenol dye. This is not the case, 
however, as seen in Fig. 3. 

CMU at 1 X 10-5 m had a small inhibitory effect on phosphate 
uptake in Fig. 3 (although the 1 minute determination appeared 
to indicate a lag in uptake, in many other experiments with CMU 
no lag phenomenon was observed). However when this much 


‘The abbreviations used are: CMU, p-chlorophenyldimethyl- 
urea; Tris, tris(hydroxymethyl)aminomethane. 


M. Avron and A. T. Jagendorf 


1317 


40F 
x 
U 
= 
a 
30F 
red 
uJ 
uJ 
20r 
uJ 
< 
= 
a 
2 
1OF 
lJ 
= 
oF 
O | 2 3 4 5 6 
TIME - MIN. 


Fig. 3. The effect of CMU on inhibition of phosphorylation by 
indophenol dye. Final concentrations of indophenol dye and 
CMU shown for each curve; other conditions as in Fig. 2. 


CMU was added together with 0.55 « 10-4 m indophenol dye, 
a 15 second lag period caused by the dye alone was lengthened 
to almost 2 minutes. Optical density determinations at 620 my 
showed that it took 2 minutes for the dye to be reduced, in the 
presence of CMU. Similarly 1.1 x 10-*m indophenol dye by 
itself caused a lag in phosphorylation of approximately 40 sec- 
onds, but the addition of CMU prolonged the lag to over 4 min- 
utes. CMU had again lengthened the time needed to effect 
reduction of the indophenol dye, and phosphorylation resumed 
only when the dye was reduced. It is therefore evident that 
inhibition is due to the actual presence of oxidized indophenol 
dve and not to the rapidity with which it is reduced. 

Fig. 4 shows that ferricyanide also is an inhibitor for cyclic 
phosphorylation mediated by phenazine methosulfate. Curve A 
shows phosphate uptake due to ferricyanide reduction. The 
rate here is about 25 per cent of that in Curve B, where cyclic 
phosphorylation is mediated by phenazine methosulfate. The 
amount of ferricyanide was chosen so that it would be fully re- 
duced in about half the time allowed for the reaction, and so that 
only one-third of the phosphate would be esterified at that time. 
In the mixture of ferricyanide and phenazine methosulfate 
(Curve C) the initial rate of phosphate uptake is approximately 
equal to that in the flask with ferricyanide alone. As soon as 
ferricyanide is totally reduced, however, the rate of phosphoryla- 
tion proceeds as rapidly as it did initially in the flask with phen- 
azine methosulfate. 

Again in this experiment it is the actual presence of ferricy- 
anide and not its rapid rate of reduction that inhibits cyclic phos- 
phorylation. Curve D shows that 5 x 10-*m CMU has no effect 
on the cyclic phosphorylation with phenazine methosulfate; 
Curve E shows a severe inhibition of ferricyanide phosphoryla- 
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Fic. 4. Time courses of phosphorylation with a mixture of fer- 
ricyanide and phenazine methosulfate, and the effect of CMU 
on the reaction. Flask A, ferricyanide only; Flask B, phenazine 
methosulfate and ferrocyanide; Flask C, phenazine methosulfate 
plus ferricyanide; Flask D, phenazine methosulfate, ferrocyanide, 
and 5 X 10-§ m CMU; Flask E, ferricyanide plus CMU; Flask F, 
ferricyanide, phenazine methosulfate, and CMU. Ferricyanide 
or ferrocyanide, 12 wymoles; phosphate, 20 umoles; ADP, 25 umoles; 
magnesium, 30 ywmoles; phenazine methosulfate, 0.3 umole; 
total volume 9.0 ml]. 220 wg. of chlorophyll per flask. Tris and 
NaCl in the usual proportions. | 
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Fic. 5. Interaction of riboflavinphosphate (FMN) with phena- 
zine methosulfate at various concentrations. Phenazine metho- 
sulfate and riboflavin phosphate as shown, other reagents in the 
usual concentrations. Time in light 5 minutes. 
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tion by CMU. In Curve F, CMU inhibits the phosphorylation 
by a mixture of the two just as badly as it inhibits that with only 
ferricyanide. Measurements of residual ferricyanide showed that 
total reduction to ferrocyanide did not occur in 30 minutes, in 
flasks E and F. Evidently the only phosphate uptake which oe- 
curs in a mixture is that due to ferricyanide reduction, and phen- 
azine methosulfate phosphorylation is completely inhibited. If 
ferricyanide reduction is slowed down by CMU so is the rate 
of phosphorylation, even though phenazine methosulfate is pres- 
ent. 

Catalytic Cofactors—The interaction of phenazine methosulfate 
and riboflavin phosphate is shown in Fig. 5. Adding riboflavin 
phosphate to an optimal concentration of the phenazine metho- 
sulfate (1.7 X 10~® m) has no effect on the rate of phosphoryla- 
tion. At levels below the optimum (3.3 x 10-° m in this graph) 
the addition of riboflavin phosphate causes a stimulation of phos- 
phate uptake. In other experiments not shown here, adding 
riboflavin phosphate to suboptimal concentrations of phenazine 
methosulfate has led to a synergistic stimulation of phosphate 
uptake. 

An excess of phenazine methosulfate by itself (in this instance 
6.7 X 10-* ) is inhibitory. If riboflavin phosphate is added to 
these high levels of phenazine methosulfate it increases the extent 
of the inhibition, even though riboflavin phosphate itself is not 
inhibitory. It thus appears that adding riboflavin phosphate to 
chloroplasts with phenazine methosulfate already present is 
equivalent to adding some more phenazine methosulfate, whether 
the amount of phenazine methosulfate present is suboptimal or 
supraoptimal. 


DISCUSSION 


We were able to confirm the observations of Arnon et al. (10) 
that phosphorylation may occur as a consequence of electron 
flow to the Hill oxidants, TPN, or ferricyanide. This discovery, 
together with the similarity in action spectra (9, 10), makes it 
appear quite reasonable that the cyclic phosphorylation is essen- 
tially a cyclic variant of the Hill reaction. The essence of this 
concept is that cyclic phosphorylation will occur if a Hill oxidant 
can be reoxidized by a component on the oxidized side of the 
cleaving of water. Since catalytic cofactors for cyclic phosphoryl- 
ation do not have to be added for the Hill reaction to occur, the 
cofactors must function after the point as which Hill oxidants 
are reduced, 

Additional evidence for the concept comes from the competi- 
tion experiments reported here, which show that 2,3,6-trichlo- 
roindophenol and ferricyanide inhibit cyclic phosphorylation. 
As long as the inhibition can be ascribed to interfering with elec- 
tron transport rather than to “uncoupling” or inhibiting phos- 
phate transfer, then the competition makes it quite likely that 
oxidants and cofactors receive electrons from the same chain. 

It seems obvious that ferricyanide, at least, inhibits by stop- 
ping electron flow rather than by interference with the actual 
mechanism of ATP formation. The situation might be more 
questionable with indophenol dye where reduction in the course 
of the Hill reaction does not lead to appreciable ATP formation. 
However, the facts that the oxidized dye is a much more effective 
inhibitor than the reduced dye, and that the inhibition is reversed 
very rapidly if the dye is reduced during the course of the reae- 
tion, suggest strongly that the dye also inhibits electron trans- 
port reactions rather than phosphate transfers. 

Inhibition by either ferricyanide or the indophenol dye is in- 


| 

20 
d 
t 
iB 
li 

16 
| | 
14 B/D 
a 
I 
12 
® C 

10 
8 
6 A A 
| 

a 
2 

| 
| t 
2 5 IS 20 25 30 
< 
I 
| 
| \ 


Mav 1959 


dependent of the rate of reduction. It seems likely therefore 
that they inhibit by virtue of a firm binding to the enzymatic 
site(s) at which they are normally reduced. Presumably they 
would be displaced as soon as they are reduced, and thus would 
no longer be inhibitors. 

This effect of the Hill oxidants is the opposite of that observed 
by Arnon et al. (10) in which net TPN reduction was inhibited 
by the addition of riboflavin phosphate as a cyclic cofactor. We 
also find that TPN reduction is inhibited by adding phenazine 
methosulfate. The inhibition of net TPN reduction by eyelic 
cofactors could easily occur by reoxidation of TPNH; either non- 
enzymatically in the case of phenazine methosulfate, or through 
TPNH diaphorase in the case of riboflavin phosphate. 

Arnon et al. (10) have pictured TPN as an obligate electron- 
earrving intermediate before riboflavin phosphate. Their evi- 
dence for this is a TPN and photosynthetic pyridine nucleotide 
reductase requirement at suboptimal concentrations of riboflavin 
phosphate (15). However with optimal amounts of riboflavin 
phosphate, we see quite clearly that addition of TPN, photo- 
synthetic pyridine nucleotide reductase, and TPNH diaphorase 
has no effect on the cyclic phosphorylation (Table II]). If TPN 
is an obligate intermediate before riboflavin phosphate, one 
might reasonably expect a requirement for larger amounts of 
TPN at optimal levels of riboflavin phosphate than at low levels. 
Another possible interpretation of the data of Arnon et al. (15) 
and one consistent with our observations is that the pathway 
through the reductase and TPN to riboflavin phosphate is an 
alternate one which does not occur when high levels of riboflavin 
phosphate are used in the absence of exogenous TPN. 

Our experiments show that neither riboflavin phosphate- 
mediated eyclic phosphorylation, nor the reduction of ferricy- 
anide requires the addition of TPN, its photosynthetic reductase, 
or TPNH diaphorase. The experiments do not rule out, of 
course, the possible participation of internally bound, catalytic 
amounts of these components. The fact that exogenous TPN 
may be reduced when the reductase is added, however, is not 
proof for the function of any such internal components. 

Our conclusions concerning electron transport pathways on the 
basis of experiments reported to date are summarized in the 
scheme shown below (Fig. 6). 

The diagram is intended to show several possibilities, each 
starting with the same early intermediates from the cleaving of 
water. Either a Hill reaction occurs and oxygen is evolved, or 
else a eyelie phosphorylation occurs in which water is regener- 
ated. If the Hill oxidant is TPN, the reductase (photosynthetic 
pyridine nucleotide reductase) is required for its reduction. If 
the Hill oxidant is ferrievanide photosynthetic pyridine nucleo- 
tide reductase is not required, and in addition ferricyanide blocks 
electron flow to the eyclic cofactor. Indophenol dye as a Hill 
oxidant is not shown. Since no phosphorylation is detectable 
during its reduction we think it likely to be reduced at some point 
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Fic. 6. Minimal scheme for interaction of cofactors and oxi- 
dants with chloroplast electron transport pathway. 


before the phosphorylating step. The exact nature of the cata- 
lytic cofactor for the cycle is not specified, because a fairly large 
number of oxidation-reduction compounds is able to satisfy this 
function in the present experimental system (6, 7, 21). 

This scheme is basically similar to ones already presented (8, 
20-23). It differs in that it merges the Hill reaction and cyclic 
phosphorvlation into a common framework. In addition, we 
have tried to organize a minimal scheme which is either definitely 
required or strongly supported by the facts available to us at the 
present time, rather than to present a more complete but some- 
what hypothetical scheme based on partial evidence. 


SUMMARY 


1. Phosphate esterification can be demonstrated to accom- 
pany stoichiometrically the reduction of triphosphopyridine nu- 
cleotide or ferricyanide by spinach chloroplasts in the light. 

2. It can be shown that neither riboflavin phosphate evclic 
phosphorylation nor ferricyanide reduction requires the addition 
of photosynthetic pyridine nucleotide reductase, whereas tri- 
phosphopyridine nucleotide reduction does. 

3. Evidence is presented to show that ferrievanide and tri- 
chloroindophenol dye prevent electron flow to phenazine metho- 
sulfate, used as the catalytie cofactor in evclic phosphorylation. 
The inhibition is specific for the oxidized form of both Hill oxi- 
dants, and is not affected by the rate at which thev drain redue- 
ing power from the chloroplasts. 

4. A minimal scheme is presented to indicate the sequence in 
which Hill reaction oxidants and catalytic cofactors interact with 
the electron transport chain in chloroplasts. 
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